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Abstract
As a powerful analytical technique, electrochemiluminescence (ECL) has found wide
applications in the fields of bioanalysis and light-emitting devices. However, many ECL
materials sustain the shortcomings of low ECL efficiencies. To better design novel materials
with ECL enhancement, it is essential to investigate and the enhanced ECL mechanisms. In
this thesis, ECL enhancements of various novel materials were analyzed utilizing ECL-voltage
curves, potential pulsing experiments, ECL and photoluminescence spectroscopies, and other
characterization methods. Specifically, two graphene quantum dots (GQDs) with different
heteroatom doping were designed and synthesized. Structural characterizations and
spectroscopies demonstrated that the heteroatom doping could change the surface states of
GQDs and thus greatly improve their ECL performance. An N-annulated perylene diimide
dimer, tPDI2N-hex as a graphene model compound with atomic precision, was found to have
superior ECL efficiency due to the desired excited states in the absence of surface states.
Without aggregation-caused quenching effect, an organic light-emitting diode (OLED) was
also fabricated displaying bright orange-red emission with a low color temperature. Hydrogen
bonding (H-bonding) was discovered to be a smart strategy to enhance ECL. Absolute ECL
efficiencies of two iridium(III) complexes were determined and radical stability and reactivity
were identified to be key factors influencing ECL behaviors. Then insights into the ECL of a
H-bonding complex between an iridium(III) complex and an organic molecule was
investigated. ECL of a bisindolylpyrrole derivative was significantly enhanced via
supramolecular recognition of H2PO4- anion due to restriction of intramolecular rotations
(RIR). ECL efficiencies of a series of silole compounds were determined to understand the
ECL optimization via extended -conjugated systems and bulky groups on Si mainly. ECL of
two benzosilole films was discovered to be greatly augmented by means of crystallizationinduced enhancement due to RIR. Finally, ECL of a multi-resonance thermally activated
delayed fluorescence (MR-TADF) molecule was explored in some interesting aspect such as
organic long-persistent ECL (OLECL) and TADF.
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Summary for Lay Audience
Electrochemiluminescence (ECL) is a light emission process where electricity is applied to a
luminescence molecule leading to light emission. In this manner, ECL has wide applications
in chemo/bioanalysis and light-emitting devices. Many chemical materials, including organic
molecules, inorganic complexes and nanomaterials, have been reported as ECL emitters. To
better find and design strong ECL molecules, this thesis is focused on understanding the ECL
fundamentals, reaction mechanisms as well as its enhancement.
Various novel materials were explored for their ECL performance, including graphene
quantum dots, perylene diimide derivative, iridium(III) complexes, bisindolylpyrrole
derivatives, silole compounds and a special molecule with the property of thermally activated
delayed fluorescence.

By means of electrochemistry, spectroscopy and

modern

instrumentation, their enhanced ECL was tuned and mechanisms were identified. It is
anticipated to find their applications in many research fields such as chemo/bioanalysis and
light-emitting devices.
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Chapter 1

1

Fundamentals of Enhanced ECL

1.1 Introduction
Electrogenerated chemiluminescence (ECL), or electroluminescence is a light emission
process caused by reactions between electrogenerated radical species in the vicinity of the
working electrode.1-3 There are two mechanisms through which ECL can occur:

Figure 1.1. Schematic illustration of annihilation ECL pathway with 9,10diphenylanthracene (DPA) as an example.
In an annihilation ECL pathway, radical anions and radical cations of the same ECL
luminophore are produced under negative and positive applied potentials, respectively.
Then an electron transfer reaction happens between the two radical species to produce
excited states. When the excited states relax to ground states, the energy radiatively
released is a light emission termed as ECL.1,2 Such process is illustrated in Figure 1.1 with
9,10-diphenylanthracene (DPA) as an example. However, there are two factors that will
affect the annihilation ECL performance. The first one is radical stability.4 For many ECL
materials, there is a big difference between the oxidation and reduction potentials. During
a cyclic voltammetry (CV) scan, the time interval for the generations of radical cations and
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anions is a few seconds which is usually much longer than their lifetime. As such, many
radical species decays before they meet and react with each other which will not emit ECL.
The second factor is radical reactivity.4 The radical cations and anions of some ECL
materials are not reactive enough for the electron transfer reaction which will also weaken
the ECL emission.
To solve the above two problems, another species, co-reactant, is usually added to the
system to enhance ECL. Compared to annihilation ECL pathway, the applied potential only
goes in one direction in the co-reactant route. The oxidation or reduction potentials of the
ECL material and coreactant are much closer than the oxidation and reduction potentials
of the ECL material. In this way, the problem of radical stability is resolved. More
importantly, co-reactants could create strong oxidants or reductants under applied
potentials that have high reactivity to react with the ECL materials and produce the excited
states.1,2 The radical reactivity is no longer an issue in the co-reactant pathway. For
instance, persulfate (S2O82-) and benzoyl peroxide (BPO) are two common oxidizing coreactants, and oxalate (C2O42-) and tripropylamine (TPrA) are usually utilized as reducing
co-reactants as seen in Figure 1.2.2,3

Figure 1.2. Structures of the common co-reactants. (A) persulfate (S2O82-). (B) benzoyl
peroxide (BPO). (C) oxalate (C2O42-). (D) tripropylamine (TPrA).
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An ECL experiment is easy to conduct. In an electrochemistry cell, the ECL materials are
dissolved in an appropriate solvent together with the supporting electrolyte. Once the
potential is applied via the three-electrode system, the ECL is generated in the vicinity of
working electrode. When a photon-multiplier tube (PMT) is used as a detector, an ECL
curve is obtained (Figure 1.3). While if we use a charge-coupled device (CCD) camera
with a spectrometer to detect the ECL signal, an ECL spectrum is acquired (Figure 1.4).
More details about ECL instrumentation will be further discussed in the next chapters.

Figure 1.3. A simple illustration of ECL instrumentation with photon-multiplier tube
(PMT) as a detector, showing an ECL curve. WE, RE and CE indicate the working
electrode, reference electrode and counter electrode, respectively.
With the smart combination of electrochemistry and chemiluminescence, ECL has many
advantages such as high sensitivity, high selectivity, low background signal, and it does
not require an external light source as photoluminescence (PL).1-3 As such, ECL has found
many applications especially in bioanalysis and light-emitting devices.5,6 Although many
materials are reported in the ECL realm including organic molecules, inorganic complexes,
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and nanomaterials, many of them still sustain the shortcomings of low ECL efficiency and
high cost. As such, strategies to enhance ECL have yet to be developed and improved. The
next section (section 1.2) will briefly introduce some common strategies to achieve ECL
enhancement.

Figure 1.4. A simple illustration of ECL instrumentation with CCD (charge-coupled
device) camera as a detector, showing an ECL spectrum. WE, RE and CE indicate the
working electrode, reference electrode and counter electrode, respectively.

1.2 Strategies to Enhance ECL
Tang, et al found that some compounds are highly luminescent as aggregates/clusters but
non-emissive or weakly emissive when molecularly dissolved in solution, and reported the
aggregation-induced emission (AIE).7,8 Such emission enhancements are usually induced
by the restriction of intramolecular motions in the aggregates states.8 In 2017, the topic of
aggregation-induced ECL (AIECL) was firstly reported by Hogan and De Cola.9 ECL of
two square-planar Pt(II) complexes, Pt-PEG and Pt-PEG2, were investigated in DCM and
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water, respectively. In DCM, both Pt complexes were dissolved well as monomeric states,
showing weak ECL with TPrA as co-reactant. On the contrary, the Pt complexes were selfassembled into nanostructure suspensions in water which allows the Pt-Pt interactions.
Although Pt-PEG did not emit strong ECL due to the inaccessible oxidation, Pt-PEG2
suspension aggregates displayed much more intense ECL compared to it in monomeric
states in DCM. The authors defined such phenomenon as AIECL similar to the term AIE,
since when the gate to the world of AIECL research had been opened. Currently, AIECL
have become a popular research field and found many applications in chem/biosensing as
summarzied by Xu10 and De Cola11 groups.
A similar topic termed as crystallization-induced ECL (CIECL) was firstly discovered on
benzosiloles by our group and collaborators,12 which will be further discussed in section
5.2. After that, our group revealed the CIECL enhancement of a di-boron complex DBC.13
In annihilation ECL pathway, no ECL was detected for DBC in solutions, while that of
DBC crystalline solid states could be acquired both with a photomultiplier tube (PMT) and
with the spectrometer/CCD camera system, approaching a relative ECL efficiency of 8.5%.
The ECL and photoluminescence (PL) spectra in crystalline solid states matched well, both
of which were 57 nm blue shifted compared with the PL of DBC solutions. The ECL
enhancement and the blue shift from solution to crystals were both attributed to the
restriction of intramolecular rotation within the DBC crystalline lattice structures, which
was further proved by the methods of PL imaging under UV lamp and X-ray diffractions
(XRD).
Although the ECL performance could be significantly improved by AIECL and CIECL
designs that were discussed above, the ECL quantum efficiency is still limited to 25% for
fluorescent materials due to spin statistics.14,15 Thermally activated delayed fluorescence
(TADF) can convert up to 100% of the generated excitons into light which is another
strategy to enhance ECL. The achievement of 100% efficiency is possible due to the very
small singlet-triplet energy gap (ΔEST) that permits endothermic up-conversion of triplet
excitons into singlet excitons via reverse intersystem crossing (RISC).14-16 ECL of a series
of donor-acceptor TADF emitters (2CzPN, 4CzPN, 4CzIPN, 4CzTPN) were first
investigated by Imato et al., and ECL efficiencies ranging from 1.1% to 47% were
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determined. The high ECL efficienes were ascibed to the RISC process of such TADF
materials, and this work offers a significantly great start of related research field.17
Recently, the Tang and the Niu groups combined AIE and TADF effects in an ECL
material, and introduced such aggregation-induced delayed fluorescence (AIDF) to the
ECL system which was defined as AIDF-ECL.18 In this study, an AIDF molecule mCPBP-PXZ was chosen for ECL measurement, and an AIE molecule TPE-TAPBI was
selected as a control. Although the filmed electrode ECL were too weak to be detected,
with 40 mM TPrA as co-reactant, glassy-carbon electrode (GCE) modified with TPETAPBI displayed strong ECL emission in PBS solutions. Surprisingly, under the same
experimental condition, the GCE modified with mCP-BP-PXZ demonstrated even better
ECL performance whose ECL efficiency was 5.4 times that of TPE-TAPBI. According to
the researchers, the AIDF molecule mCP-BP-PXZ displayed both an AIE effect and a
TADF property in its ECL process. The mCP-BP-PXZ had better ECL performance in
aggregates states than in the monomeric states which is the AIECL phenomenon.
Meanwhile, the ECL efficiency was greatly increased due to the RISC process from the
triplet excited states to the singlet excited states.
In contrast to AIECL where aggregates have better ECL performance than
molecular/monomeric states, many ECL materials demonstrate π-π stacking due to the
extended rigid aromatic structure, and it usually results in aggregation-caused quenching
(ACQ) effect. Elimination such ACQ phenomenon in ECL is just as important as
developing new AIECL materials. For example, Liu et al. adjusted the size of ECL
materials to reduce ACQ and achieved ECL enhancement.19 The authors synthesized sulfur
dots (S dots) without, and sulfur quantum dots (SQDs) with H2O2 etching via top-down
methods. Transmission electron microscopy (TEM) images illustrated that the unetched S
dots aggregated into blocks, while the etched SQDs had smaller and more uniform size
distribution between 3 to 5 nm, indicating that H2O2 etching could reduce the size of such
materials. Under CVs scans, the SQDs with smaller particle size displayed 4 times stronger
ECL (~12 k) than the S dots aggregates (~3 k). According to the authors, this enhancement
was because that the H2O2 etching could reduce the size and thus increase the dispersion
of SQDs to avoid aggregation. Applying the SQDs overcoming ACQ as ECL luminophore,
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a novel biosensor based on DNA walking machine was developed for sensitive detection
of microRNA-21.

1.3 Scope of Thesis
The ECL enhancement strategies are continuing to be developed. However, it is still in
great demand to study and analyze the enhanced ECL processes of novel materials
including organic molecules, inorganic complexes, and nanomaterials. The research work
presented in this thesis aims to address the complicated emission mechanisms in enhanced
ECL of such novel materials by means of various electrochemistry and spectroscopy
methods in Chapter 2-6.
In each chapter, ECL enhancement and its mechanism insight is analyzed towards different
ECL materials, which will be accompanied by synthesizing and characterizing heteroatom
doped graphene quantum dots (GQDs) in Chapter 2, investigating organic light-emitting
diode (OLED) based on an N-annulated perylene diimide dimer, tPDI2N-hex as a graphene
model compound with atomic precision, in Chapter 3, determining absolute ECL efficiency
and analyzing hydrogen bonding interactions of iridium complexes and a bisindolylpyrrole
derivative in Chapter 4, corelating structures to ECL and studying crystallography of silole
compounds in Chapter 5, and investigating insights into the ECL of a thermally activated
delayed fluorescent (TADF) molecule Mes3DiKTa in Chapter 6. Chapter 7 will provide
conclusions and perspectives into future work.
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Chapter 2

2

Enhanced NIR-ECL of Graphene Quantum Dots in
Aqueous Media†

Mechanisms of emission, especially electrochemiluminescence (ECL), for graphene
quantum dots (GQDs) are poorly understood, which makes near-infrared (NIR) emitting
GQDs difficult to create. To explore this poorly understood NIR ECL, two graphene
quantum dots (GQDs), nitrogen-doped GQDs (GQD-1) and nitrogen-, sulfur-doped ones
(GQD-2), were prepared by a simple one-step solvothermal reaction with similar core
structures but different surface states. The GQDs were analyzed by Fourier transforminfrared (FT-IR) spectroscopy, X-ray photoelectron spectroscopy (XPS) and highresolution transmission electron microscopy (HRTEM). Photoluminescence (PL) results,
with a comparable quantum efficiency of 13% to strong luminophores in aqueous media,
suggested a mechanism that the emission mainly depends on the core structure while
slightly adjusted by the heteroatom doping. ECL of GQD-2 dispersed in aqueous media
with K2S2O8 as the co-reactant was conducted by means of ECL-voltage curves and ECL
spectroscopy, demonstrating strong NIR emissions between 680 nm and 870 nm, with a
high ECL efficiency of 13% relative to that of Ru(bpy)32+/K2S2O8 system. Interestingly,
ECL is generated by surface excited states emitting light at a much longer wavelength in
the NIR region. The easily prepared GQD-2 has several advantages such as low cost and
quite strong NIR-ECL in aqueous media, with which wide applications in biodetection are
anticipated.
†

This work has been published in Liuqing Yang, Cindy Rae De-Jager, Jonathan Ralph

Adsetts, Kenneth Chu, Kehan Liu, Congyang Zhang, Zhifeng Ding, Anal. Chem., 2021,
93, 12409-12416. Copyright 2021 American Chemical Society (ACS). See Appendix A.

2.1 Introduction
Electrochemiluminescence (ECL), also known as electrogenerated chemiluminescence, is
a light-emitting process which is generated by the reactions of highly active radical species
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produced in the vicinity of the electrode.1,

2

An annihilation ECL route involves the

formation of a luminophore excited state from a homogenous electron transfer between its
cation and anion radicals.2 For many luminophores, however, a secondary co-reactant
needs to be added to enhance ECL.2 As a smart combination of electrochemistry and
chemiluminescence, ECL has various advantages making it useful in many biological
applications such as sensing and imaging.3-7 Compared with visible light, near-infrared
(NIR) emission has deeper biological tissue penetration due to its advantages of decreased
autofluorescence, low scattering and negligible absorbance, promising the wide
applications in bio-related fields.8-10 Various NIR-ECL luminophores were recently
reported including metal complexes, metal nanoparticles and organic dyes11-15 which,
however, sustain disadvantages and have many limitations. For example, organic dyes
usually require complicated synthetic procedure and poor solubility in water thus low
PL/ECL quantum yield in aqueous systems. Metal-containing luminophores require more
costly materials and many of them have the shortcomings of poor biocompatibility. For
this reason, it is still in great demand to develop more NIR-ECL luminophores that are
easier to prepare, have lower cost and toxicity, as well as higher ECL efficiency in aqueous
media for biological sensing and imaging.
Graphene quantum dots (GQDs), as a type of zero dimensional materials, are small
graphene fragments that usually have size below 10 nm.16 They have attracted great
interests due to their outstanding properties of high stability, great biocompatibility and
low toxicity compared with many organic molecules and inorganic nanoparticles.16,
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GQDs can be easily prepared by breaking down large carbon structures which is called
“top-down” routes or through “bottom-up” approaches from various molecular
precursors,18, 19 based on which a great number of GQDs were synthesized and widely
applied in the fields of light emitting devices,20-23 energy storage,24-27 catalysis,20, 26, 28-30
sensing and imaging.16, 31, 32 With a structure of a few graphene layers as the core and some
functional groups located at the edge,16,

18, 33

GQDs provide many interesting features

related to their shell-core composition, among which the luminescent properties in
particular attracted much attention in the recent years. The various proposed luminescence
mechanisms of GQDs including bandgap transition, surface states and size distribution3438

offer great opportunities in the lighting applications, and its excellent ECL
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performance39-45 provides great potentials to be applied as an NIR-ECL luminophore.
Previously, we have reported ECL of GQDs prepared by pyrolysis method.41 The GQDs
were massively produced at a high temperature of 240 ℃ with citric acid as precursor,
demonstrating a diameter between 1.8-3.8 nm. The ECL was from the interface between
the GQDs-modified electrode and phosphate buffer saline (PBS) solution but not strong
when dispersed in water, which limited many applications.
Herein, we prepared two newly designed GQDs, nitrogen-doped GQDs (GQD-1) and
nitrogen-, sulfur-doped ones (GQD-2), with similar core structure but different surface
groups using a one-step solvothermal reaction. The as-prepared GQDs were dispersed in
water and demonstrated efficient blue PL and NIR-ECL in aqueous media. The preparation
method is illustrated in Figure 2.1: 1,5-diaminonapthalene (1,5-DAN) was chosen as a
starting material for both GQD-1 and GQD-2 because of its amine functional groups and
its aromatic structure which can be enlarged by solvothermal reaction to create an
unsaturated core. L-cysteine was used for additional nitrogen and sulfur doping in GQD2. The GQDs were synthesized via solvothermal method in ethanol. The reaction time and
temperature were optimized to be 6 hours at 150 ℃ to obtain the highest
photoluminescence quantum yields (PLQYs). The optimized samples had mass yields of
13.6% for GQD-1 and 17.8% for GQD-2, respectively. Both the samples were analyzed by
Fourier transform-infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS)
and the one with higher PLQY, GQD-2, was characterized by high resolution transmission
electron microscopy (HRTEM). Their PL and ECL behaviors were investigated thereafter.
Strong NIR ECL of GQD dispersion was observed for the first time.
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Figure 2.1. Synthetic approach of GQD-1 and GQD-2.

2.2 Experimental Section
The starting materials for synthesis, L-cysteine (CYS, C3H7NO2S, ≥ 98%) and 1,5diaminonapthalene (1,5-DAN, C10H10N2, 97%), were obtained from Alfa Aesar (Ward
Hill, MA) and stored under vacuum. The photoluminescence quantum yield (PLQY)
standard quinine sulfate dihydrate (C40H58N4O12S, ≥99%) was purchased from Thermo
Fisher Scientific (Mississauga, ON) and stored at room temperature. The supporting
electrolyte potassium chloride (KCl ≥ 99.0%), the ECL standard tris(2,2′-bipyridyl)
dichlororuthenium (II) hexahydrate (C30H24Cl2N6Ru·6H2O, 99.95% trace metals basis),
and the calibration reference ferrocene (Fc, FeC10H10, 98%) were all obtained from SigmaAldrich (Mississauga, ON). Ru(bpy)3Cl2 and KCl were stored under vacuum and Fc was
stored at room temperature atmospheric pressure. Co-reactant potassium persulfate
(K2S2O8, >99.0%) was purchased from Sigma-Aldrich (Mississauga, ON) and stored in the
dark under vacuum. Ethanol (CH3CH2OH, 95% Vol) was used for synthesis and it was
purchased from Greenfield Global (Brampton, ON). Whaton anotop syringe filters (0.1 µm
pore size) and sterile syringe filters (Sarstedt, 0.45 µm pore size) were used for sample
purification. Ultrapure water (18.2 MΩ cm, Milli-Q, Millipore) was used for dialysis
during purification of GQDs. A dialysis bag with molecular weight cutoff 1000 Da from
Yuanye Bio-Technology Co., Ltd (Shanghai, China) was also used and stored at 4 ℃ in
ultrapure water.
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GQDs were synthesized by a solvothermal process in ethanol. One sample was prepared
from 1,5-DAN precursor only (GQD-1) and a second sample was prepared from 1,5-DAN
and CYS (GQD-2). 10 mmol/ L of each required molecular precursor 1,5-DAN (80.3 mg)
and CYS (61.0 mg) was dissolved in 50 mL of ethanol and heated in a Teflon-lined
autoclave for 6 hours at 150 ℃. After solvothermal reaction, the resulting mixtures were
filtered through 0.45 µm and 0.1 µm filter syringes to remove large carbon precipitates.
The filtrate was evaporated to 5 mL and further purified by dialysis in bulk ultrapure water
to remove small molecules. During dialysis, the water was constantly stirred, and it was
changed 5 times over a 24-hour period. After dialysis, the samples were removed from the
bag and filtered through 0.45 µm filter syringes to remove the water-insoluble precursor,
1,5-DAN, followed by freeze drying to obtain black powdered solids.
HRTEM, FT-IR, and XPS were used to investigate the structure of the GQDs. HRTEM
was employed for the higher PLQY sample GQD-2 using a JEM-2100 microscope (JEOL)
at an acceleration voltage of 200 kV (Jiangxi Normal University, China). All samples were
analyzed by Fourier transform infrared spectroscopy (FT-IR) using a VERTEX 70 FTIR
instrument. The GQDs samples were also characterized by X-ray photoelectron
spectroscopy (XPS) using a Kratos AXIS Ultra Spectrometer (UK) with an Al Kα x-ray
source (Surface Science Western, London, ON). XPS data were analyzed by curve fitting
using CasaXPS software. These three characterization techniques gave insight on the
morphology, functional groups, and dopant levels in the samples. Synchrotron-based XPS
was performed on the VLS-PGM (11ID-2) beamline at Canadian Light Source (CLS,
Saskatoon, Saskatchewan, Canada). The Fermi level was determined by calibration of the
work function in Au foil.
The samples were further characterized by UV-visible spectrophotometry and
photoluminescence (PL) spectroscopy to determine their quantum yields (QY). A Varian
Cary 50 Spectrophotometer was used to measure UV-Visible absorbance between 800-250
nm. A Fluorolog spectrometer QM-7/2005 was used for PL spectra. The slits were
controlled by a micrometer driver. The numbers showing on the micrometer driver are
unitless, while “1.00” corresponds to 0.67 mm. The excitation and emission slit widths
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were set as “0.25” (0.17 mm) and “0.10” (0.067 mm), respectively. From the UV-Visible
and PL data, the PLQY (ɸPL) of each sample was determined using Equation (2.1):
𝒌

ƞ

∅𝑷𝑳 = (∅𝒔𝒕 )(𝒌 𝒙 )(ƞ 𝒙 )𝟐
𝒔𝒕

𝒔𝒕

(2.1)

where ɸPL is the PLQY, ɸst is the PLQY and kst the ratio of PL intensity to absorbance of
the standard (st, quinone sulfate), whereas kx is the ratio for sample; ƞst is the refractive
index of aqueous 0.1 M H2SO4, ƞx is the refractive index of water.
ECL of GQDs was investigated using a three-electrode system in an electrochemical cell
which has a flat and transparent Pyrex window on the bottom to detect light from the
working electrode. The cell was prepared for testing by rinsing sequentially with acetone,
isopropanol, and ultrapure water. Next the cell was fully soaked in a 5% isopropanol-KOH
base bath for four hours then after rinsing well with ultrapure water, it was immersed in an
acid bath (1% HCl in water) for another four hours. The cell was then cleaned with
ultrapure water and dried in an oven. In the electrochemical cell, a glassy carbon electrode
(GCE) was employed as the working electrode while platinum coiled wires were utilized
as the counter and reference electrodes. Before ECL experiments, the GCE was polished
with Al suspensions on a polishing pad, after which it was cleaned with water. Then the
surface of the GCE was dried with Argon (>99.99%, Praxair Canada Inc., London, ON).
The Pt electrodes were prepared by sonicating in acetone, isopropanol, and ultrapure water
for 10 minutes consecutively, then the wire electrodes were dried at 120 ℃. The potential
was calibrated to a standard hydrogen electrode (SHE) using ferrocenemethanol as a
calibration reference (0.49 V vs. SHE). The electrochemical cell was assembled by adding
0.1 M KCl in 3 mL ultrapure water with the dispersed GQDs (0.5 mg). The resulting
mixture was purged with Argon gas for 5 minutes to remove the oxygen dissolved in the
system and then the cell was assembled with the three electrodes and tightly sealed.
Cyclic voltammetry and differential pulse voltammetry scans were performed on a CHI
610A electrochemical analyzer (CH Instruments, Austin, TX). The scan rate, sensitivity,
and potential window were all varied experimentally to obtain the best electrochemical
results for each sample. The generated ECL was measured by a photomultiplier tube (PMT,
R928, Hamamatsu, Japan). The ECL signal is then converted into photocurrent by a
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Keithley picoammeter source (Keithley 6487, Cleveland, OH). The electrochemical
current and voltage signals from the CHI station and the converted photocurrent from the
Keithley were simultaneously sent to the computer via a data acquisition board (DAQ
6036E, National Instruments, Austin, TX) to record current-voltage and ECL-voltage
curves using a custom LabVIEW program, ECL-PMT610a.vi.
The ECL efficiency (ɸECL) is defined as the number of photons emitted by the number of
charges injected. It can be calculated relative to a commercialized ECL luminophore
Ru(bpy)32+ by taking its ECL efficiency at 100% using Equation (2.2):
(

∅𝑬𝑪𝑳 =

(

∫ 𝑬𝑪𝑳 𝒅𝒕
)
∫ 𝑪𝒖𝒓𝒓𝒆𝒏𝒕 𝒅𝒕 𝒙

∫ 𝑬𝑪𝑳 𝒅𝒕
)
∫ 𝑪𝒖𝒓𝒓𝒆𝒏𝒕 𝒅𝒕 𝒔𝒕

× 𝟏𝟎𝟎 %

(2.2)

where x and st refer to the GQDs/K2S2O8 and Ru(bpy)32+/K2S2O8 systems, respectively.
ECL spectra were acquired by testing the electrochemical cells in a spectrometer
(Cornerstone 260, Newport, Mississauga, ON) with an attached CCD camera (Model
DU401a-BR-DD, Andor Technology, Belfast, UK). Before measurements, the
spectrometer was cooled to -65 ℃ and the wavelength was calibrated by a mercury lamp
(Ocean Optics, HG-1). All ECL spectra were recorded on an Andor Technology program.
Accumulation spectra were obtained by measuring ECL while scanning the redox
potential. Spooling ECL spectroscopy was conducted by measuring ECL spectra at certain
time interval while scanning the applied potential. The exposure time and the number of
kinetic series were optimized to record the clearest spooling ECL spectra. The parameters
should be adjusted as following: the total camera exposure time = the total time of the
electrochemical scan = exposure time of each individual spectrum × number of individual
spectra. The electrochemical scan and spectrum capturing should be synchronized to make
sure the potentiostat and CCD software will simultaneously acquire voltammograms and
ECL spectra, respectively. To reduce background interference of light measurements, all
lights in the lab were turned off, a black curtain was drawn at the lab entrance and the
electrochemical cell was covered by a black bag previously made for old camera film
changing.
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2.3 Results and Discussion
The FT-IR spectrum of GQD-1 (Figure 2.2A) suggests that the nitrogen-doped GQD
contains primary amine (broad N-H stretches at 3343, 3239 cm-1), hydroxyl (broad O-H
stretches at 3500-3200 cm-1), alkene (C-H stretches at 3008-3056 cm-1) and alkane (C-H
stretches at 2929, 2854 cm-1) functional groups. C-N functional groups are evident by the
FT-IR peaks around 1183 cm-1. This result is consistent with XPS data which shows three
elements in addition to hydrogen: C, N, and O of 82%, 9.6%, and 7.9% in atomic percent,
respectively (Figure 2.3A). Carbon XPS shows GQD-1 has multiple carbon functional
groups: C-C/C=C/C-H (285 eV, 81% by area), C-OH/C-O-C (286 eV,15% by area), C=O
(288 eV, 1.7% by area), and O-C=O (289 eV, 2.5 area%) (Figure 2.4A). The results
confirm the unsaturated carbon core of GQDs with various hydroxyl, carbonyl, and
carboxyl functionalization. Nitrogen XPS spectra for GQD-1 reveals that most nitrogen
atoms are in the amine/amide form (89% by area) (Figure 2.4B).

Figure 2.2. FT-IR spectra of (A) GQD-1 and (B) GQD-2.
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Figure 2.3. XPS survey spectra of (A) GQD-1 and (B) GQD-2.
In comparison, the N,S-doped GQD-2, has amine and hydroxyl functional groups evident
by its IR spectrum as shown in Figure 2.2B (N-H stretches at 3350/3205 cm-1, O-H
stretches at 3521-3018 cm-1, and C-N/C-S stretches around 1100 cm-1). From XPS, it is
evident that sulfur was successfully doped into the GQD-2: The XPS survey (Figure 2.3B)
shows GQD-2 is made of C, N, O, and S, by 60%, 4.4%, 20%, 2.4% in atomic percent,
respectively, in addition to hydrogen. Compared to GQD-1, GQD-2 has the lower level of
nitrogen doping but it has additional sulfur doping and the higher level of oxygen. Just like
GQD-1, carbon (Figure 2.5A) and nitrogen XPS spectra (Figure 2.5B) show that GQD-2
contains hydroxyl, carbonyl, carboxyl, amide, and amine functional groups as well as
sulfur groups predominantly as sulfides/thiols (Figure 2.5C). For both GQD-1 and GQD2, these nitrogen and sulfur functional groups can be either part of the functionalized end
groups on the surface or doped in the framework of sp2 carbon core.
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Figure 2.4. (A) Carbon XPS spectrum and (B) Nitrogen XPS spectrum of GQD-1.

Figure 2.5. (A) Carbon XPS spectrum, (B) Nitrogen XPS spectrum and (C) Sulfur XPS
spectrum of GQD-2.
Figure 2.6A shows the UV-visible absorption spectra of GQD-1 (purple) and GQD-2
(orange) dispersed in water. Both spectra display an n→π* transition absorption peak at
around 340 nm. However, it is worth noting that the peak of GQD-2 is sharper while the
one of GQD-1 is more like a shoulder. This difference is likely attributed to the fact that
GQD-2 has more surface functional groups with lone-pair electrons because of S doping.46,
47

Slight difference between the wide peaks at longer wavelength (~500 nm) is another

evidence of different surface structures between the two GQDs. Figure 2.7 displays the PL
spectra of GQD-1 (blue) and GQD-2 (red) upon the irradiation of their maximum excitation
wavelength at 325 nm. When quinine sulfate was used as the reference to calculate PLQYs,
GQD-2 was determined to show a very good PLQY of 13% while GQD-1 has a low
quantum yield of 5.2% (sequential concentration dilutions in Table 2.1 and Figure 2.8).
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Interestingly, although the absorption behaviors of GQD-1 and GQD-2 are slightly
different, both show a maximum PL emission at 410 nm with different intensities. To better
understand this phenomenon, the excitation dependence experiments were conducted
thereafter.

Figure 2.6. (A) UV-Visible absorption spectra of GQD-1 (purple) and GQD-2 (orange).
(B) PL spectrum of 1,5-diaminonapthalene as the starting material to prepare GQD-1 and
GQD-2,

Figure 2.7. PL spectra of GQD-2 (red curve) and GQD-1 (blue curve) under 325 nm
excitation. The PL quantum yields of GQD-2 and GQD-1 were determined to be 13% for
GQD-2 and 5.2% for GQD-1, respectively. Insets are the pictures of as-prepared GQDs
dispersed in water.
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Table 2.1. Raw data of the sequential concentration dilutions of GQD-2. The absorbance
is at 325 nm as the maximum excitation wavelength.
GQD-2
Concentration
( μg/mL )

Absorbance

Integrated PL

0

0

0

2.5

0.005467

1.39E+06

7.5

0.032923

8.14E+06

12.5

0.050765

1.32E+07

15

0.068232

1.73E+07

20

0.086692

2.20E+07
y = 2.54×108 x
R² = 1.00

GQD-2
2.50E+07

Integrated PL

2.00E+07
1.50E+07
1.00E+07
5.00E+06
0.00E+00
0

0.02

0.04

0.06

0.08

0.1

Absorbance

Figure 2.8. Linear plotting of the sequential concentration dilutions of GQD-2, displaying
a good linear relationship between the PL and UV absorbance. The PLQY was determined
based on the slope.
As depicted in Figure 2.9, both GQD-1 (Figure 2.9A) and GQD-2 (Figure 2.9B)
demonstrate a typical partial excitation dependence with 325 nm as the maximum
excitation wavelength. Specifically, both the samples display excitation independence
between 275 nm and 325 nm while there is excitation dependence from 350 nm to 425 nm.
However, the PL behaviors of two samples in the excitation-dependent region are slightly
different: the spectra of GQD-1 show a single peak while the ones of GQD-2 appear to
have dual peaks. Although the exact mechanisms remain unclear, it is reasonable to
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propose that these additional peaks when excited at longer wavelengths were from N-states
and S-states that were introduced by heteroatoms doping.48 Noting the maximum PL
emission is located at 410 nm for both, we believe that such main PL emission of GQDs
are related to the core structure which is a widely adopted opinion.16, 17, 19, 36 The three
emissions from graphene core structure, N-states and S-states will be further discussed
shortly in the ECL section. An extra PL spectrum of GQD-2 with higher concentration is
shown in Figure 2.10, displaying a smoother curve. Figure 2.6B illustrates the PL spectrum
of 1,5-DAN as starting material, which is not shown in the PL spectra of the two GQDs.
This proves that the as-prepared GQDs are well purified and all the starting materials are
removed.

Figure 2.9. PL spectra of (A) GQD-1 and (B) GQD-2 at various excitation wavelengths.
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Figure 2.10. Extra PL spectrum of a GQD-2 dispersion with a higher concentration
measured by the same instrumentation.
Since GQD-2 has much higher PLQY than GQD-1, we are expecting a better ECL
performance of GQD-2 and further characterizations were carried out on GQD-2. The size,
morphology and lattice space of GQD-2 were determined from HRTEM images. From
Figure 2.11, uniformly distributed spherical dots can be observed. The size distribution of
GQD-2 was determined by measuring 100 distinct GQDs (inset, Figure 2.11A). The mean
diameter is 3.3 nm from a range of 2.2-4.6 nm. The HRTEM of a single GQD reveals clear
crystalline lattice fringes with about 0.24 nm spacing which corresponds well to the (1120)
lattice planes of graphene as illustrated in Figure 2.11B, suggesting that the carbon core of
GQD-2 is graphitic in structure.
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Figure 2.11. (A) HRTEM image of GQD-2 with the size distribution. Inset d relative
frequency % vs diameter (nm). (B) HRTEM of GQD-2 with an inset of a zoomed-in GQD2 showing crystalline lattice fringes with a spacing of 0.24 nm.
A Tauc plot is a curve of (αhν)r versus hν that could be converted from the corresponding
UV-visible absorption spectrum to determine the optical bandgap in a semiconductor,
where hν represents the energy of the light and α is the absorption coefficient of the
material. The value of the exponent r depends on the nature of the transition which is
assigned to 1/2 for an indirect band gap material and equals to 2 for a direct band gap
material.49 Figure 2.12A displays the Tauc plot of GQD-2 with a good linear fit when r =
2 was employed while no good linear fit is obtained when r = ½ (Figure 2.13). By
measuring the intercept on x-axis of the linear line from the curve, the optical band gap
(Eg) was thus determined to be 3.45 eV. The valence band of GQD-2 was investigated by
synchrotron-based XPS and the spectrum is shown in Figure 2.12B. The valence band
energy was determined to be 3.21 eV from Fermi level. Note that the Fermi level is much
closer to conduction band than to valence band, which is expected for n-type
semiconductor materials. The small gap between fermi level and conduction band gives
rise to the tailing structure as displayed at very low binding energy in the synchrotron based
XPS spectra corresponding well with the tailing shown in the Tauc plot. Combined with
the Eg value from Tauc plot, the full band structure of GQD-2 can be proposed as shown
in Figure 2.12C.
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Figure 2.12. (A) Tauc plot curve of GQD-2 displaying an Eg value of 3.45 eV when r = 2,
showing good linear fit. (B) Synchrotron-based XPS spectra of GQD-2 thin film. All
energies are adjusted to fermi level. (C) Proposed band structure of GQD-2.

Figure 2.13. Tauc plot curve of GQD-2 when r = ½, showing no good linear fit.
Electrochemistry and Electrochemiluminescence of GQDs. Figure 2.14A illustrates the
cyclic voltammograms (CVs) along with the corresponding ECL-voltage curve of GQD-1
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in an aqueous system. However, no obvious redox reaction was observed for GQD-1 within
-1.7 V to 1.6 V, which is probably because that the redox peaks were overlapped at the
potential window edge. When doped with S using cysteine as the precursor in GQD-2, two
reduction peaks were detected at peak potentials of -0.75 V and -1.25 V during the cathodic
potential scanning process, while only one oxidation reaction happened at a peak potential
of 0.90 V in the anodic scan as seen in Figure 2.15A. No annihilation ECL was detected
for GQD-2 as well because the electrochemically generated radical species may not be
stable enough to meet their counterparts in the vicinity of the electrode during the potential
scans. The redox behaviors of GQD-1 and GQD-2 are better revealed via differential
pulsed voltammograms (DPVs) as displayed in Figure 2.16A and Figure 2.16B,
respectively.

Figure 2.14. Cyclic voltammograms (CVs) of GQD-1 with corresponding ECL-voltage
curves in aqueous systems (A) in the annihilation pathway, and (B) with 50 mM K2S2O8
as co-reactant.
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Figure 2.15. Cyclic voltammograms (CVs) of GQD-2 with corresponding ECL voltage
curve in aqueous systems (A) during the annihilation pathway, and (B) with 50 mM K2S2O8
as the co-reactant.

Figure 2.16. Differential pulsed voltammograms (DPVs) of (A) GQD-1 and (B) GQD-2
in aqueous systems.
Although GQD-2 demonstrates good electrochemistry behaviors, the ECL is still too weak
to be detected in the annihilation pathway. As such, K2S2O8 employed as a strong oxidizing
co-reactant was added to the electrochemical cells to enhance ECL. Figure 2.15B
demonstrates the CVs with ECL-voltage curve of GQD-2 in addition of 50 mM K2S2O8.
During the negative scan from 0.1 V, the ECL onsets at -1.25 V at the second reduction
peak of GQD-2 (Figure 2.15A), reaches an ECL intensity peak value of 100 nA at -1.85 V
and then decreases. It is worth noting that there was no ECL at the first reduction of GQD-
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2 probably because the GQD-2 radical anions were not oxidized enough by the sulfate
radical to generate ECL. As such, more GQD-2 radical anions, GQD·-, need to be produced
at the second reduction of GQD-2 by an electron transfer between a GQD2- dianion and a
neutral GQD for the excited state production reaction. The mechanism of the whole process
is proposed in Figure 2.17: Both GQD and K2S2O8 were reduced in the vicinity of working
electrode while applying negative potentials to produce radical anions. Then the GQD went
through the second reduction, forming the GQD2- dianion, which thereafter reacted with a
neutral GQD and produced two radical anions. After the loss of a sulfate anion, the sulfate
radical anion is reduced by the GQD radical anion to generate an excited state, GQD*.
Lastly, the excited state can relax to the surface excited state GQDS* that emit ECL, which
will be discussed in detail shortly. The ECL efficiency of co-reactant ECL of GQD-2 was
determined to be 13% relative to the Ru(bpy)32+/K2S2O8 co-reactant system, which is
comparable to many other nanomaterials.42, 43, 50, 51 Please note that the PMT is almost
completely insensitive to the GQD emissions, whereas the PMT is around an order of
magnitude more sensitive to Ru(bpy)32+ emissions. The relative ECL efficiency of 13% is
underestimated and the true efficiency should be much higher. Furthermore, ECL from
GQD dispersion is preferred to that from GQD film/solution interface reported by us
elsewhere,41, 42 since the dispersion systems are easy to be adapted to ECL protocols for
bioanalysis such as immunoassays. ECL of GQD-1 was also enhanced to 3 nA with K2S2O8
(Figure 2.14B), approaching an efficiency of 0.3% relative to the Ru(bpy)32+/K2S2O8 coreactant system which further confirmed the existence of the reduction of GQD-1 that was
overlapped at potential window edge in the CVs. The 43 times higher efficiency of GQD2 than that of GQD-1 is likely due to the more electrochemically active functional groups
after doping by cysteine in GQD-2 during the hydrothermal reaction. This tendency is very
similar to our N, S-doped GQDs prepared by pyrolysis method.41
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Figure 2.17. Proposed ECL mechanism of GQDs with K2S2O8.
Spooling ECL spectroscopy has been developed by our group and it can be used to witness
the evolution and devolution of ECL while scanning potentials to provide more insights
into its mechanism.52 Figure 2.18A shows the spooling spectra for GQD-2 with 50 mM
K2S2O8. The spectra were collected during a scan in the applied potential range between
0.1 and -2.0 V at 0.05 V/s scan rate and color coded into four parts according to the
potential region: Part 1 (red): -1.28 V to -1.52 V; Part 2 (blue): -1.58 V to -1.88 V; Part 3
(green): -1.94 V to -2.00 V then back to -1.64 V; Part 4 (purple): -1.58 V to -1.34 V.
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Figure 2.18. (A) Spooling ECL spectra of GQD-2 with 50 mM K2S2O8 in aqueous system.
The spectra were acquired along with a CV scan from 0.1 V to -2.0 V and back to 0.1 V.
(B) ECL spectra acquired in Part 1. (C) ECL spectra acquired in Part 4.
Interestingly, the peak wavelengths show an obvious shift during the scan: in Part 1 which
was labelled in red, initially at -1.28 V, the spectrum has a NIR emission peak wavelength
at 870 nm. With the potential scanned to more negative value, the spectra are blue shifted,
but the peak wavelengths are still located in the NIR region until -1.52 V where the
maximum emission is 780 nm. With the continuing scan in Part 2 and Part 3, the ECL went
through the evolution and devolution processes, respectively. Although they display the
maximum emission peaks between 680 nm and 760 nm in the visible region, the spectra
are still wide enough to cover part of the NIR wavelengths as seen in Figure 2.19. Moving
to Part 4, the maximum emissions of the spectra are red-shifted back to 870 nm in the NIR
region as illustrated in Figure 2.18B and Figure 2.18C. Obviously, the NIR-ECL is slightly
dependent on the applied potential: At negative potential range between -1.28 V and -1.52
V, the peak wavelengths of ECL spectra were located in the NIR region. When applying
more negative potential than -1.58 V, the maximum ECL emission blue shifted to visible
region although still covering part of the NIR wavelengths. Please note that in comparison
with PMT, the CCD camera is more sensitive to the emission in NIR regions which
explains well that the ECL-voltage curves in Figure 2.15B are noisy while the spectra in
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Figure 2.18 are smooth. An accumulated ECL spectrum of GQD-2 was also acquired
(Figure 2.20) with potential pulsing between 0 and -1.88 V, displaying a peak wavelength
at 713 nm which is consistent with the one in spooling when the potential was scanned to
the same value. The accumulation spectrum represents all photons emitted during the
whole potential range while the spooling spectrum at -1.88 V is the result of all photons
emitted at that specific potential, which leads to a small ECL peak difference.

Figure 2.19. Spooling ECL spectra of GQD-2 with the addition of 50 mM K2S2O8 acquired
from higher potential. (A) (-1.58 V) to (-1.88 V) and (B) (-1.94 V) to (-2.00 V) then to (1.64 V).
As such, the ECL spectra display both a red shift compared with PL, and a wavelength
shift during the potential scan in the ECL process. The first shift, the much longer
wavelengths of ECL than PL, is because of the fact that during the ECL, the multistep
electrochemical reaction needs time to produce excited states, allowing a relaxation for the
excited states to the surface excited states as illustrated in the last step in Figure 2.17, while
the excitation during PL process is much quicker. That is, the ECL is surface states
sensitive while the PL mainly occurs within the core, which agrees well with the ECL of
silicon53 and other quantum dot nanocrystals.54 The second shift, the peak wavelength
variation within ECL process, can be attributed to the heteroatoms doping of GQD-2 which
produced a series of excited states (graphene core, N-states and S states) with different
energy levels and thus various emission wavelengths. The multiple excited states
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correspond well with the excitation dependence property in PL. Consequently, unlike the
PL mainly emitted from the core, ECL of GQDs is a type of surface states emission.

Figure 2.20. Accumulated ECL spectrum of GQD-2 under potential pulsing between 0 and
-1.88 V showing a peak wavelength at 713 nm.

Figure 2.21. Accumulated ECL spectra of (A) GQD-1 and (B) GQD-2 with the addition
of 50 mM K2S2O8.
Accumulated ECL spectra are another evidence that ECL comes from the surface states.
As shown in Figure 2.21, GQD-1 illustrates a nominal peak wavelength of 634 nm while
GQD-2 displays the NIR-ECL located at 780 nm although their maximum PL emission are
both 410 nm (Figure 2.7). This is because both GQD-1 and GQD-2 were prepared with
1,5-DAN and they have similar core structure, showing the same maximum PL emission
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which is from the core. GQD-2 is doped with sulfur to form additional surface functional
groups, demonstrating different surface structures from GQD-1, and that is why they have
different ECL emission that is generated from surface states. Furthermore, the accumulated
ECL spectra in Figure 2.21 were curve-fitted to two peaks for GQD-1 and three peaks for
GQD-2, respectively. It is reasonable to propose that Peak 1 and Peak 2 were from the
graphene and N related surface states, respectively, while Peak 3 at 800 nm in Figure 2.21B
was from the S related surface states and responsible for a longer wavelength ECL emission
in the NIR region. Very interestingly, all three surface-state ECL emissions were redshifted from the three PL core ones, Figures 2.21 and 2.9. It is plausible that all the core
excited states in ECL processes relax to the corresponding surface excited states as
illustrated in Figure 2.17. Notably, S related surface state emission is stronger than N
related surface state one, both of which are much stronger than the emitted light by the
intrinsic GQD surface states. It is interesting to see the PL enhancement of carbon-based
dots (CDs) doped with both N and S prepared with different precursors, citric acid and Lcysteine, reported by Yu et al.48 Our results further demonstrated the enhancement of
GQDs in ECL when doped with both N and S. Furthermore, N- and S-doped GQDs have
quite strong NIR-ECL, with which wide applications in biodetection are anticipated. CIE
(International Commission of Illumination) coordinate diagrams calculated according to
their PL/ECL spectra of GQD-1 and GQD-2 are depicted in Figure 2.22 and Figure 2.23,
showing the difference between PL and ECL emission.
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Figure 2.22. CIE diagrams of (A) PL and (B) ECL from GQD-1.

Figure 2.23. CIE diagrams of (A) PL and (B) ECL from GQD-2.
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2.4 Conclusions
In conclusion, we synthesized GQD-1 and GQD-2 using a one-step solvothermal reaction
with 1,5-DAN as the main starting material to form their aromatic core structures while
GQD-2 was additionally doped with sulfur, leading to different surface states from GQD1. IR and XPS spectroscopy proved that the sulfur groups were successfully doped in GQD2, and HRTEM morphologically illustrated its graphene structure. GQD-1 and GQD-2,
with various surface states but similar core structures, showed the same maximum PL
wavelengths and slightly different excitation dependence results. It is plausible to propose
that the excitation independence region was from the graphene core while the excitation
dependence was from the N- and S- states introduced by the heteroatoms doping.
Moreover, the ECL performance of as-prepared GQD dispersion in aqueous media was
investigated by means of ECL-voltage curves and ECL spectroscopy: GQD-2 demonstrates
both a better redox behavior and a much stronger ECL than GQD-1 probably due to the
more electrochemically active surface states and more surface energy traps at the surface
of GQD-2. They also displayed different ECL wavelengths which were assigned to
different surface states, both of which are distinguished from their PL wavelengths because
the ECL emissions came from the surface excited states while the PL were mainly
produced from the core. GQD-2 displays strong NIR-ECL emissions (13% relative to
Ru(bpy)32+/K2S2O8 system) which varies with the applied potential: at lower potential, the
peak wavelengths of ECL spectra were located in the NIR region. When applying
potentials above -1.58 V, the maximum ECL emission blue shifted to visible region
although still covering part of the NIR wavelengths. The shift in wavelength during
potential scan could plausibly be attributed to the graphene, N- and S-doped surface states,
which correlate to the three core states revealed by the excitation dependence PL spectra.
This is the first time for us to observe NIR ECL from GQD dispersions, which is superior
to that from GQD film/solution interfaces. Wide applications in biodetections are
anticipated from the NIR-ECL of low cost and easily prepared GQD-2 in aqueous media
with an intensity much higher than that of the semiconductor quantum dots.53, 54
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Chapter 3

3

Enhanced ECL of An Atomic Precision Graphene Model
Compound and Its Application in Organic Light-Emitting
Diodes (OLEDs)†

An N-annulated perylene diimide dimer, tPDI2N-hex, a graphene model compound with
atomic

precision,

was

investigated

for

luminescent

applications.

Electrochemiluminescence (ECL) of tPDI2N-hex was studied with tri-n-propylamine
(TPrA) as a reducing co-reactant. ECL-voltage curves along with spooling ECL spectra
provided details of light generation mechanisms. The relative ECL quantum efficiency to
Ru(bpy)3(PF6)2 /TPrA system was calculated to be 64%, which is superior to many other
organic molecules due to the desired excited state in the absence of surface states. An
organic light-emitting diode (OLED) fabricated with tPDI2N-hex displayed bright orangered emission with a low color temperature, which is very desirable. It is plausible that the
sterically constrained and thus orthogonal aromatic moieties in the tPDI2N-hex structure,
with atomic precision graphene layer characteristics, lead to the excellent luminescent
performances. The ECL and OLED studies of tPDI2N-hex showcase great application
potentials of tPDI2N-hex in both solution-based ECL probes and solid-state lighting
devices.
†

This work has been published in Liuqing Yang, Arthur D. Hendsbee, Qin Xue, Shuijian

He, Cindy R. De-Jager, Guohua Xie, Gregory C. Welch, Zhifeng Ding, ACS Appl. Mater.
Interfaces, 2020, 12, 51736-51743. Copyright 2020 American Chemical Society (ACS).
See Appendix B.

3.1 Introduction
Graphene is composed of two-dimensional sheets bonded by sp2 carbon atoms. With a
large aromatic structure and outstanding physical and chemical properties, graphene and
its derivatives such as graphene quantum dots (GQDs), stand at the forefront of materials
science.1-5 GQDs are small graphene fragments that usually have a size below 10 nm.6-7
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Single layer GQDs usually have a large aromatic structure as the core and functional groups
along the edges (proposed in Figure 3.1) as well summarized by the Huang group.8-9 The
high luminescence of GQDs has emerged as one of its best characteristics. Various
applications of GQDs have been reported in the optical fields, although their luminescent
mechanisms are still debated.7, 10-11 It is evident that luminescent performances of GQDs
still have shortcomings.8-9 For instance, the π-π stacking due to the extended rigid aromatic
structure usually results in aggregation-caused quenching (ACQ) effect.12-14 The surface
states at the edge lead to different excited states that could show undesirable
luminescence.15-16 These prevent many GQDs to be utilized in applications such as lightemitting devices.14 Perylene diimide (PDI) derivatives are an important class of
optoelectronically active materials with outstanding properties such as good electronaccepting ability, high electron mobility and strong structural stability.17-21 PDI derivatives
have a similar but much smaller structure than that of GQDs and as such, they could be
regarded as “molecular sized” GQDs with atomic precision. A mimic of a GQD is the Nannulated PDI dimer, tPDI2N-hex (structure shown in the inset of Figure 3.2A).22-24 This
molecular semiconductor has a large aromatic core, imide groups along the long axis of
the perylenes, and pyrrolic N-atoms at the bay positions. The six alkyl side-chains can
isolate the aromatic cores, while the large dihedral angles between to the two PDI cores
lead to a more isotropic shape allowing for controlled self-assembly and reduced π-π
stacking compared to monomeric analogues.25 This model compound was specifically
targeted to study luminescent performance.
Electrochemiluminescence (also called electrogenerated chemiluminescence, ECL)
represents a light-emitting behavior in the vicinity of a working electrode, where excited
states are produced by the reaction of highly active radical electrogenerated species.26 ECL
is an intelligent combination of electrochemistry and chemiluminescence. ECL can be
induced either via annihilation pathway where the radical ions of the same luminophore
react to produce an excited state which will emit light, or via co-reactant route where
luminophore and co-reactant radicals interact to generate the excited state for light
emission.27 ECL has many advantages such as weak background, easy control, low
detection limit and no need for an external light sources.26-27 Based on the above favourable
characteristics, ECL is widely used in the fields of diagnostic immunoassays,28-31 chemical
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sensing/biosensing,32-35 and imaging,36-38. Compared with incandescent and fluorescent
lamps, organic light-emitting diodes (OLEDs) are significantly more efficient and have
attracted a lot of interests in recent years in applications such as smart phones, TV, and
flexible light sources. In OLEDs, electrons and holes are injected from the electrodes into
the light-emitting layer to produce the radiative excitons. Furthermore, another kind of
luminophore (host material) is usually added to the light-emitting layer39-40 where the
energy of the electrically generated excitons from host materials can be resonantly
transferred to the guest.41 This host-guest structure is helpful to improve the luminescent
efficiency, confine the emission zones and reduce concentration quenching within the
OLEDs.42-44
Herein, ECL as well as OLEDs of an atomic precision graphene model compound, tPDI2Nhex, are reported for the first time. tPDI2N-hex was initially synthesized and utilized as an
electron acceptor in organic solar cells,18,

23-24

displaying the versatile and excellent

optoelectronic properties.

Figure 3.1. Proposed structure of a random graphene quantum dot (GQD).
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3.2 Experimental Section
Benzene (99.8%) and acetonitrile (MeCN, 99.8%) are anhydrous and stored in Sure/SealTM
bottles separately which were immediately transferred into a N2 filled glove box. The
benzene,

acetonitrile,

tris(2,2’-bipyridyl)-ruthenium

(II)

hexafluorophosphate

[Ru(bpy)3(PF6)2, 98%], tri-n-propylamine (TPrA, ≥98%), and ferrocene (Fc, 98%) were
all obtained from Sigma-Aldrich (Mississauga, ON, Canada). Tetra-n-butylammonium
perchlorate (TBAP, electrochemical grade) which acted as the supporting electrolyte in
ECL test was purchased from Alfa Aesar (Ward Hill, MA). The TPrA and BPO were stored
at 4 °C in a refrigerator while all the other chemicals were stored at room temperature. All
the other organic materials except tPDI2N-hex used in OLED experiment were purchased
from Lumtec, Inc. All other chemicals for OLED fabrication are from Adamas Reagent
Ltd. (Shanghai, China), Energy Chemiacl Co. Ltd. (South Korea), Merck KGaA
(Germany), Heowns Co. Ltd. (Tianjin, China), J&K Scientific Ltd.(Beijing, China) and
Luminescence Technology Corp. (Hsin Chu City, Taiwan).
In annihilation ECL studies, tPDI2N-hex and tetra-n-butylammonnium perchlorate (TBAP)
as the supporting electrolyte were added into the ECL cell. Then the cell was brought to a
N2 filled glovebox. The solvents, benzene and acetonitrile that were stored in the glovebox,
were added into the cell. Prior to taking out the cell from the glovebox, it was sealed by a
Teflon cap with a rubber O-ring to prevent any oxygen and water entering the system. For
co-reactant-ECL measurement, TPrA and BPO were added to the cell under the protection
of Ar blanket in order to minimize the oxygen level of the system. The other ECL apparatus
and their preparation processes, the ECL instrumentation, and the ECL efficiency
determination method remain the same as the ones introduced in section 2.2.
For OLED fabrication, the substrates (indium tin oxide, ITO) were sonicated in acetone,
ethanol and deionized water for 10 minutes consecutively before UV-ozone treatment. A
layer of poly(3,4-ethylenedioxythiophene)-doped poly(styrene sulfonate) (PEDOT:PSS)
was spin-coated onto the ITO and then heated at 120 °C for 10 minutes. The light-emitting
layer consisting of tPDI2N-hex and a host material was spin-coated from the chlorobenzene
solution. To enhance the electroluminescence of the device, bis[2-(diphenylphosphino)
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phenyl] ether oxide (DPEPO) was applied as hole blocking layer and 1,3,5-tri(m-pyrid-3yl-phenyl)benzene (TmPyPB) was employed as electron transporting layer, respectively.
The above two layers were thermally deposited onto the emitting layer.45 Followed by the
evaporation of the 8-hydroxyquinolinolato-lithium (Liq) and the Al cathode, the devices
were encapsulated under UV-curable resin. The J-V curves, L-V curves and the EL spectra
were acquired simultaneously by a Spectrascan spectrometer (PR735, JADAK, North
Syracuse, NY) and a Keithley picoammeter (Keithley 2400, Tektronix, Inc., Beaverton,
OR).

3.3 Results and Discussion
Figure 3.2A shows a CV (black line) of 0.65 mM tPDI2N-hex in 1:1 benzene and
acetonitrile, which was collected at 0.1 V/s scan rate within a potential range between 2.80 V and 1.60 V. As the scan negatively started from 0 V, tPDI2N-hex underwent 4
reduction reactions to generate its radical anion at -1.01 V, dianion at -1.15 V, radical
trianion at -1.50 V and quadrivalent anion at -1.66 V, respectively. While in positive scan,
only one oxidation peak was located at a formal potential of 1.34 V in anodic scan. From
the differential pulse voltammograms (DPVs) of the same system (Figure 3.3A), the above
redox reactions are better revealed.

Figure 3.2. (A) Cyclic voltammogram (black) with the ECL-voltage curve (blue) of 0.65
mM tPDI2N-hex in 1:1 benzene:acetonitrile with 0.1 M TBAP as the supporting
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electrolyte. The scan rate was 0.1 V/s. Inset depicts the tPDI2N-hex molecular structure.
(B) UV-visible absorption spectrum (purple) and photoluminescence spectrum (red) of
tPDI2N-hex. Inset is the CIE coordinate diagram of PL spectrum.

Figure 3.3. (A) Differential pulse voltammograms for 0.65 mM tPDI2N-hex and (B) Cyclic
voltammogram with the corresponding ECL-voltage curve for 0.13 mM tPDI2N-hex in
benzene and acetonitrile (1:1 volume ratio) solution with 0.1 M TBAP as the supporting
electrolyte.
Figure 3.2A also exhibits the ECL-voltage curve (blue curve) obtained simultaneously with
the CV. Upon electrochemical reactions, tPDI2N-hex produced ECL through annihilation
pathway at both positive and negative potentials, where an excited state was formed due to
the reaction between the radical cations and anions electrogenerated in the vicinity of the
electrode. This excited state will return to the ground state where energy can be released as
light-emission. In cathodic scanning from the second cycle (Figure 3.2A, blue curve), the
ECL signal arose only after the dianion was yielded (black arrow, 1). This is because after
the first reduction, the short-life time radical anion of tPDI2N-hex did not survive long
enough to meet and react with the radical cation that was already in the diffusion layer. But
when the dianion was formed (Figure 3.4A), electron transfer would occur where one
electron in the HOMO of dianion will be transferred to the LUMO of a neutral tPDI2N-hex
to produce two radical anions (Figure 3.4B) and thus increase the ECL. It is worth noting
that the delay of the onset ECL after formation of the dianion but before radical trianion
was because the tPDI2N-hex species need some time to diffuse in the solution and react
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with the neutral one. With the continuing scan from negative back to 0 V (red arrow, 2),
another ECL peak emerged (green arrow, 3) probably because the reaction of the trianion
radical with a neutral one to produce more dianions which lead to an ECL enhancement
(Figure 3.4C). The proposed mechanisms are illustrated in Figure 3.4.

Figure 3.4. Reaction mechanisms in annihilation ECL pathways (PDI represents tPDI2Nhex): (A) Two-step reductions. (B) Reaction between neutral PDI and PDI dianion. (C)
The third reduction and its reverse reaction.
We also ran another CV along with ECL-voltage curve of tPDI2N-hex under the same
condition but at a lower concentration of 0.13 mM (Figure 3.3B). The onset ECL was after
the second reduction as well. But the fact that the ECL in cathodic scan had a larger increase
than the ECL in anodic scan in the above concentrated system confirms the observation
that the radical cation of tPDI2N-hex is more stable than the radical anion.
Density functional theory (DFT) calculations revealed the electronic structure of tPDI2Nhex (Figure 3.5), which visualized the electron density across the frontier molecular
orbitals. From Figure 3.5A and Figure 3.5B, it can be observed that the electrons in lowest
unoccupied molecular orbitals (LUMO) are localized on specific atoms while the ones on
highest occupied molecular orbitals (HOMO) are well delocalized. The radical cation is
stable because the electron removed is from the HOMO which is highly delocalized. In
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contrast, when tPDI2N-hex was reduced, an electron entered the LUMO which has limited
delocalization, thus the radical anion cannot survive long. The above rationale confirms
the electrochemical behavior in CV. Further reduction reactions can also be inferred. When
the radical anion was produced, there was a single electron in its singlet occupied molecular
orbital (SOMO) (Figure 3.5C), so the next reduction would occur on the SOMO to produce
a tPDI2N-hex singlet dianion (Figure 3.5D). But a triplet dianion with two degenerated
SOMO could be generated (Figure 3.5E) due to an orbital-rearrangement process of the
tPDI2N-hex singlet dianion. The delay of the third reduction peak in CV could be explained
well by the rearrangement time. Moreover, the optical energy gap between HOMO and
LUMO was determined to be 2.33 eV (532 nm) by the UV-visible absorption spectrum
(Figure 3.2B), which agrees well with the electrochemical energy gap (2.56 eV, calculated
with redox peaks from the CV in Figure 3.2A) and the results of the DFT calculations (2.66
eV).

Figure 3.5. Frontier molecular orbitals and their calculated electronic energy levels: (A)
LUMO of neutral tPDI2N-hex. (B) HOMO of neutral tPDI2N-hex. (C) SOMO of tPDI2Nhex radical anion. (D) HOMO of tPDI2N-hex singlet dianion. (E) SOMO of tPDI2N-hex
triplet dianion (two orbitals are degenerated).
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Figure 3.6. Cyclic voltammogram with the ECL-voltage curves of 0.13 mM tPDI2N-hex
in the presence of 20 mM TPrA, showing two ECL peaks.
Due to the low ECL signal of tPDI2N-hex in the annihilation route as illustrated in Figures
3.2A and 3.3B, 20 mM of tri-n-propylamine (TPrA) was added as a strong reducing coreactant for enhancing the ECL, shown in Figure 3.6. An ECL intensity of 19 μA was
reached, which was more than 14,600 times of that observed for the annihilation pathway.
In Figure 3.6, the tPDI2N-hex/20 mM TPrA co-reactant system displays two distinguished
ECL peaks in the ECL-voltage curve labelled as ECL-1 and ECL-2. ECL-1 arose right
after the oxidation of TPrA but before the oxidation of tPDI2N-hex. A mechanism for ECL1 is proposed in Figure 3.7A, where the radical cation species TPrA•+ was produced during
the oxidation of TPrA, and it could oxidize tPDI2N-hex radical anion (given from the
reduction of tPDI2N-hex by TPrA• radical) to produce an excited state of tPDI2N-hex as in
the 3rd ECL mechanism for the Ru(bpy)32+/TPrA system discovered by Miao, Choi and
Bard.46 The second ECL wave (ECL-2) has an onset potential at about 1.30 V that is close
to the oxidation of tPDI2N-hex (1.34 V, Figure 3.2A). Two mechanisms are proposed. Both
follow the “oxidative-reduction” mechanism where a strong reducing agent TPrA• was
produced via the oxidation of TPrA and its radical deprotonation. This reducing species
TPrA• could reduce the tPDI2N-hex radical cation which was produced by the oxidation of
tPDI2N-hex to give the excited states (Figure 3.7B). TPrA• can also reduce the neutral
tPDI2N-hex as well to form a tPDI2N-hex radical anion, which could react with tPDI2Nhex radical cation to give the exited states (Figure 3.7C).
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Figure 3.7. Mechanisms of the co-reactant ECL route with TPrA.
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Figure 3.8 displays spooling ECL spectra of 0.13 mM tPDI2N-hex in the presence of 20
mM TPrA. The spectra were acquired with exposure time of 2 s during a potential scan
cycle between -0.10 V and 1.70 V, which could provide further insight into the ECL
mechanisms. The spectra were color-coded for three potential ranges, with green (0.86 V1.28 V), purple (1.28 V-1.62 V) and orange (1.62 V-0.86 V). The green ECL spectra arose
at the onset potential (0.86 V) of ECL-1 (Figure 3.6). ECL-1 wave ended at 1.28 V. ECL2 began at 1.28 V and increased rapidly and finally approached the maximum value at 1.62
V, which could correspond to the peak potential of the ECL-voltage curve. With the reverse
scan, the spectra levelled off and vanished at 0.86 V. It can be observed that both ECL-1
and ECL-2 waves show the same peak wavelength at 637 nm throughout the spooling ECL
spectra (Insets of Figure 3.8). From this result, it can be concluded that both ECL-1 and
ECL-2 waves are from the same excited state. Compared with the spooling ECL spectra of
N,S-doped GQDs in chapter 2, tPDI2N-hex does not have either surface-states emission, or
peak wavelength shifts during spooling, that were produced by various surface traps of
GQDs. This is probably because of the atomic precision structure of tPDI2N-hex without
suffering emission changes from the surface states.

Figure 3.8. Spooling ECL spectra of 0.13 mM tPDI2N-hex in the presence of 20 mM TPrA,
with a scan rate of 0.01 V/s and exposure time of 2 s. Insets are 2D viewings of the spectra.
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Exhibited in Figure 3.2B (red curve) is the photoluminescence (PL) spectrum of 0.019 mM
tPDI2N-hex in benzene and acetonitrile (1:1 volume ratio) recorded with an excitation
wavelength of 532 nm by the same system set as in the ECL spectroscopic measurements.
The PL spectrum showed a peak wavelength at 620 nm that is very close to the peak
wavelength (637 nm) shown in ECL spectrum (Figure 3.8). The slight diﬀerence between
the peak wavelengths of PL and ECL is because of the inner filter eﬀect and a selfabsorption in ECL solution, which is typical in ECL measurements.47 The commission
internationale de l’eclairage (CIE) coordinates were determined to be (0.619, 0.381) and
(0.529, 0.459) for PL (inset in Figure 3.2B) and ECL (Figure 3.9). The deviation in CIE
coordinates was due to the ECL broadening. The good agreement between ECL and PL
spectra indicates that the ECL and PL originates from the same excited state, leading to
two important notes below.

Figure 3.9. CIE coordinate diagram from an ECL spectrum in Figure 3.8.
On one hand, tPDI2N-hex is an organic small molecule. No excimers (dimer excited states,
which are commonly observed in ECL of organic compounds with a red-shifted peak
wavelength48) were produced through the whole ECL process. The above ECL
spectroscopy supports the ECL mechanisms proposed in Figure 3.7. Meanwhile, it is
demonstrated that the electrogenerated radicals lead to the generation of ECL rather than
facilitate the dimerization process. Thus the tPDI2N-hex is anticipated to have a great ECL
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efficiency compared with many other organic molecules. In fact, the relative ECL
efficiency (to Ru(bpy)32+) of tPDI2N-hex / 20 mM TPrA system was determined to be 64%,
which is superior to most of the organic molecules as summarized elsewhere by our
group.49 The conclusion agrees well with the study on dibenzote triphenyl periflanthene by
the Bard group.50-52 In this work, no further excimers were generated probably because
tPDI2N-hex is dimeric in nature and steric hindrance prohibits aggregation.
On the other hand, as an atomic precision graphene model compound, tPDI2N-hex didn’t
show a surface-states emission that was previously observed for GQDs in chapter 2. One
widely accepted opinion of surface-states is that the surface oxidation of GQDs produce
surface defects that could trap the excitons, and surface-state emissions are generated by
the radiative combination of these trapped excitons at the surface of GQDs.9 Another
opinion is that surface states are related to the surface functional groups of GQDs, which
introduce diverse excited states and resulting in surface-state emissions.9 As illustrated in
the inset of Figure 3.2A, tPDI2N-hex only has two distinct functional groups (only NRR’
and NC=O) and no random sites where oxidation has taken place. The simple and welldefined electronic structure of tPDI2N-hex leads to a pure emission with single peak
wavelength, suggesting a potential application in electroluminescent devices.

Figure 3.10. Cyclic voltammogram with the corresponding ECL-voltage curve of 0.13 mM
tPDI2N-hex in the presence of 5 mM BPO.
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In addition, the cathodic ECL with benzoyl peroxide (BPO) as co-reactant was explored in
Figure 3.10. The ECL intensity is only about 100 nA, which is much lower than that (19
µA) with TPrA (Figure 3.6). The above observation confirms that the radical cation is more
stable than radical anion, which matches well with the annihilation ECL behavior in Figure
3.2A as well as the DFT calculations in Figure 3.5.
The above ECL study suggests that tPDI2N-hex has outstanding electrochemical properties
as well as excellent luminescent characteristics and thus a promising application in thinfilm based OLED. OLED device 1 was fabricated with layered structure as shown in Figure
3.11: ITO/PEDOT:PSS (40 nm)/3,5-bis(3-(carbazol-9-yl)phenyl)pyridine (35DCzPPy) :
tPDI2N-hex (98:2, 40 nm)/DPEPO (10 nm)/TmPyPB (50 nm)/Liq (1 nm)/aluminum (Al)
(100 nm). Noting a great PL performance with a quantum yield of 52%,24 tPDI2N-hex was
used as the guest compound while 35DCzPPy was selected as the host. They form a
solution-processed emitting layer (EML) where the energy of the electrically generated
excitons from 35DCzPPy can be resonantly transferred to tPDI2N-hex. In the above device,
the Al and ITO layers act as the cathode and anode, respectively. Liq serves as the electroninjecting layer while PEDOT:PSS is the hole-injecting layer. For comparison, another three
kinds of host materials were employed in the EML: 10-(4-((4-(9H-carbazol-9-yl)-phenyl)sulfonyl)phenyl)-9,9-dimethyl-9,10-dihydroacridine (CzAcSF), 4,4′,4′′-Tris[phenyl(mtolyl)-amino]triphenylamine (m-MTDATA), and 1,3-Bis(N-carbazolyl)benzene (mCP) in
devices 2-4, respectively, and the molecular structures are displayed in Figure 3.12.

Figure 3.11. Layered structure of OLED devices fabricated with tPDI2N-hex.
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Figure 3.12. Molecular structures of the host materials employed in the EML: (A)
35DCzPPy. (B) CzAcSF. (C) m-MTDATA. (D) mCP.
When 35DCzPPy was utilized as the host material in device 1, it shows the best
performances among all four devices. Figure 3.13A displays current density-voltage (J-V)
curve and luminance-voltage (L-V) curve under various applied potentials. The device
demonstrated a maximum luminance of 415 cd/m2 that is comparable to other OLEDs
fabricated with perylene diimide derivatives (summarized in Table 3.1).19, 53-54 External
quantum efficiency (EQE)-current density curves were also determined in Figure 3.13B,
achieving a practical efficiency of 1.9 % at the current density of 2.2 mA/cm2. The hostguest structure is beneficial to reduce the hole injection barrier to improve the device
efficiency as well as confine the excitons in the emission zones.41-42 Moreover, doping
tPDI2N-hex into the host material is helpful to reduce concentration quenching.42-43 The
very good performance of device 1 with 35DCzPPy as host material could also be
attributed to the unique structure of 35DCzPPy: the carbazole electron-donating structure
allows great confinement of tPDI2N-hex excited states in the EML, and the pyridine
electron-accepting group permits high charge afﬁnity in the same layer, just like the
reported OLEDs fabricated with 35DCzPPy/iridium(III) bis(4,6-(diﬂuorophenyl)
pyridinato-N,C2) picolinate (FIrpic).43
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Figure 3.13. (A) Current density (J) - voltage (V) curve (blue) and luminance (L) - voltage
(V) curve (green). (B) EQE-current density curves of device 1.

Table 3.1. EL performance of OLEDs fabricated with PDI derivatives.
PDI Derivatives

EQEmax (%)

Lmax (cd/m2)

Reference

tPDI2N-EH

0.057

435

J. Mater. Chem. C, 2020, 8, 2314-2319

PDI-1

0.238

141

PDI-2

0.638

46

PDI-1BN

1.57

1100

STPH

3.97

1980

DTPH

4.30

1298

STRPH

4.93

1948

DTRPH

3.52

1396

STTPE

0.50

728

DTTPE

0.49

363

RSC Adv., 2016, 6, 61175-61179
J. Org. Chem. 2015, 80, 196−203

Sci. Bull., 2018, 63, 108-116

The luminescent spectrum of device 1 (Figure 3.14A) displays the characteristic emission
peak of tPDI2N-hex (610 nm), indicating the high efficiency of Förster resonance energy
transfer between 35DCzPPy and tPDI2N-hex. The CIE coordinates (0.567, 0.409) and
colour temperature of device 1 was calculated based on the spectrum and shown in Figure
3.14B. The OLEDs with tPDI2N-hex as the light emitter shows orange-red emission as
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depicted at the top right corner in CIE diagram. The color temperature was calculated to
be 1883 K based on the EL spectrum, which is even lower than that of a candle light and
thus very good for home applications.55 It is anticipated that such OLEDs will be also used
as the flat panel or flexible displays, visible light communications, and biomedical
treatments (e.g., photodynamic therapy).

Figure 3.14. (A) EL spectrum of device 1. (B) The CIE coordinate diagram with color
temperature curve.
When CzAcSF was used in device 2, a maximum brightness of 400 cd/m2 (Figure 3.15A)
and an EQE value of 1.1% (Figure 3.16A) were determined, which are comparable to
device 1. However, the emission of CzAcSF rather than tPDI2N-hex plays a dominant role
in the spectrum (Figure 3.17A). Unlike the OLEDs fabricated with CzAcSF and 2,5,8,11tetra-tert-butylperylene (TBPe),56 the energy transfer from CzAcSF as host to tPDI2N-hex
as guest is not efficient. For device 3 with m-MTDATA as host material, a maximum
luminance of 295 cd/m2 (Figure 3.15B) and an EQE below 1% (Figure 3.16B) were
achieved. Meanwhile, luminescence of m-MTDATA has a much larger ratio than tPDI2Nhex in the spectrum (Figure 3.17B). These results indicate that unlike the case for tris(8quinolinolato)aluminum (Alq3),57 m-MTDATA is not a suitable host material for tPDI2Nhex. mCP was applied as host for tPDI2N-hex in device 3. However, compared to the
OLEDs fabricated with BFCz-2CN and BTCz-2CN as guests,58 the tPDI2N-hex device
doesn't show satisfying performances for both brightness (Figure 3.15C) and efficiency
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(Figure 3.16C) in device 4 although the energy transfer from mCP to tPDI2N-hex is
relatively efficient (Figure 3.17C). As such, the host material in device 1, 35DCzPPy,
demonstrates the best device performances with tPDI2N-hex and matches well with
tPDI2N-hex in fluorescence resonance energy transfer.

Figure 3.15. J-V curves (blue) and L-U curves (green) of (A) device 2 (B) 3 and (C) 4.

Figure 3.16. EQE-current density curves of (A) device 2 (B) device 3, and (C) device 4.

Figure 3.17. EL spectra of (A) device 2 (B) device 3, and (C) device 4.
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3.4 Conclusions
Electrochemistry and electrochemiluminescence (ECL) of an atomic precision graphene
model compound, N-annulated perylene diimide compound (tPDI2N-hex), were
investigated. With TPrA as a reducing co-reactant, the relative ECL efficiency was as high
as 64%, which is one of the best among all the studied systems of organic ECL
luminophores. Meanwhile, the organic light-emitting diode (OLED) fabricated with
tPDI2N-hex shows significantly improved luminance and very similar spectral profile to
the one in ECL. The OLED with the optimized host material generates an orange-red color
and high luminescent efficiency. These results indicate the promising applications of
tPDI2N-hex for both solution and solid-state light sources.
Moreover, the GQD analogue tPDI2N-hex with “atomic precision” controls well its
luminescent characteristics. On one hand, the dimer structure prohibited further
dimerization thus improved the ECL efficiency while the simple electronic structure leads
to a pure luminescence without surface-states emission. On the other hand, the good OLED
performances suggest that although with a large aromatic area, there is the alleviated ACQ
effect of tPDI2N-hex probably because the twisted structure prevents strong π-π stacking.
These provide us further insight into preparation of GQDs with desired optical features by
tackling current challenges such as surface states. In addition, with the plethora of PDI
based molecules having been developed as electron transport materials, this work opens
the opportunity for evaluation in light emitting devices.
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Chapter 4

4

Enhanced ECL by Hydrogen Bonding and the
Mechanism Insight

This chapter will discuss enhanced ECL by hydrogen bonding strategy. In section 4.1, ECL
performance of two iridium complexes will be analyzed by the determination of their
absolute ECL efficiencies. In section 4.2, insights into the hydrogen bonding effect on ECL
behavior of an iridium complex will be demonstrated in detail. In section 4.3, an anion
H2PO4- is introduced to a bisindolylpyrrole derivative to form the hydrogen bonding to
achieve its ECL enhancement. All three sections have been either published or submitted
as research papers.

4.1 Determining Absolute ECL Efficiencies of Two Iridium
Complexes†
This work reports the absolute electrochemiluminescence (ECL) quantum efficiencies
(QEs) of two iridium(III) complexes, fac-Ir(ppy)3 (Ir-1) and [Ir(ppy)2(dtbubpy)]+ ([Ir2]+) in annihilation and co-reactant pathways. With potentiodynamic scans and potential
pulsing, ECL mechanisms were investigated by means of ECL-voltage curves, ECL-time
curves and ECL spectroscopy. It was demonstrated that the radical stability and reactivity
are the two main factors affecting ECL efficiencies in various processes, while intermediate
charges have little effect. Considering the difference of such radical behaviors between
[Ru(bpy)3]2+ and other luminophores, absolute ECL QE is more applicable compared with
the ones relative to [Ru(bpy)3]2+ as a standard.
†

This work has been published in Liuqing Yang, Jonathan R. Adsetts, Ruizhong Zhang,

Barbora Balónová, Marta T. Piqueras, Kenneth Chu, Congyang Zhang, Eli ZysmanColman, Barry A. Blight, Zhifeng Ding, J. Electroanal. Chem., 2022, 906, 115891.
Reproduced by permission of Elsevier. See Appendix C.
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4.1.1

Introduction

Smartly combining electrochemistry and chemiluminescence, electrochemiluminescence
(ECL) or electrogenerated chemiluminescence, is a light emission process that occurs from
the electron transfer between highly active radical species that are electrochemically
generated.1-3 ECL has become an essential modern electroanalytical technique with wide
applications in the fields of biosensing,4-6 bioimaging,7-9 and immunoassays.10-12
Furthermore, ECL investigation can also provide guidelines for light-emitting
electrochemical cells (LECs) who has similar luminescent mechanisms. Many ECLphores
have been reported including organic molecules,13-15 organometallic complexes16-18 and
nanomaterials.19-21 The most important factor that determines the ECL performance of a
compound is the ECL quantum efficiency (QE), which is defined as the ratio of the number
of photons emitted to the number of electrons injected during an ECL process.22,23
However, unlike the absolute photoluminescence quantum yield (PLQY), which is defined
as the number of photons emitted by the number of photons absorbed and can be measured
directly in an integrating sphere, absolute ECL QEs have been rarely reported. The Bard
group reported the absolute ECL QE of [Ru(bpy)3]2+ from an annihilation pathway as 5%
using a photodiode and actinometry using a platinum rotating ring-disk electrode
(RRDE).24 The Bard group also reported the absolute ECL QE of 9,10-diphenylanthracene
(DPA), thianthrene (TH) and other systems, with values ranging from 1.5%-20%.25
Recently, our group used a calibrated photomultiplier tube (PMT) to determine the absolute
ECL QE of [Ru(bpy)3]2+ via a annihilation route with either potentiodynamic scans or
potential pulsing, obtaining, respectively, 0.0019%, and 0.090%-2.4% ECL QE, which are
close to Bard’s results.22 Our group also employed a photon-counting device to measure
the absolute ECL QE of the [Ru(bpy)3]2+/tri-n-propylamine (TPrA) system, obtaining 10.0
± 1.0% using potential pulsing at 10 Hz, a value that is greatly enhanced from that in the
annihilation pathway.23
Instead of reporting the absolute ECL QE, many research groups including ours have
utilized the 5% [Ru(bpy)3]2+ as a standard to determine the relative QEs during ECL
studies.26-31 The relative ECL QE determination is easy to undertake, and it provides some
information regarding the relative ECL performance of the compound of interest. However,
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this methodology cannot be generalized as this value is only valid if the experimental
conditions are not identical to aforementioned approaches. More importantly, it is essential
to recognize that the stability and reactivity of the radical species during the ECL processes
are likely to be different between [Ru(bpy)3]2+ and other ECL materials. Without
considering such factors, the investigation of relative QEs makes less sense compared with
absolute determination. Elucidation of absolute ECL QE of other materials remains in great
demand.
Iridium(III) complexes have occupied a central role in many photonics and optoelectronic
applications due to their high efficiency, tunable emission, and short excited state
lifetime,32-35 properties that also contributed to their use as bright ECLphores.18,30,36-38
Determining the the absolute ECL QE of iridium(III) complexes has to date not been
reported and quantification of such efficiencies is necessary to better understand the insight
into ECL mechanisms and employ these complexes in practical ECL applications. Herein,
we report the absolute ECL QEs of two known iridium(III) complexes, fac-Ir(ppy)3 (Ir1) and [Ir(ppy)2(dtbubpy)]+ ([Ir-2]+), using both potentiodynamic scans and potential
pulsing. The structures of the two complexes are displayed in Figure 4.1.

Figure 4.1. Structures of (A) fac-Ir(ppy)3 (Ir-1) and (B) [Ir(ppy)2(dtbubpy)]+ ([Ir-2]+).

4.1.2

Experimental Section

Acetonitrile (MeCN, anhydrous, 99.8%), tetrabutylammonium hexafluorophosphate
(TBAPF6, for electrochemical analysis, ≥99.0%), benzoyl peroxide (BPO, reagent grade,
≥98%) and ferrocene (Fc, 98%) were all purchased from Sigma-Aldrich (Mississauga, ON,
Canada). MeCN was received in a Sure/SealTM bottle and directly transferred to the N2
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filled glove box. BPO was stored in a refrigerator at 4 ℃. The synthesis of Ir-1 and [Ir2]+ were reported.39,40
A three-electrode system was utilized for the ECL experiments, consisting of a 2 mm
platinum (Pt) disk in a glass sheath as working electrode and two Pt wire coils as counter
and reference electrodes. The Pt working electrode was manually polished with 0.3 µm and
0.05 µm Al2O3 suspensions on a polishing pad. A mirror-like surface should be obtained.
Then it was electrochemically polished in 0.1 M H2SO4 solution by scanning potentials
between -0.30 V and 1.25 V for 400 cycles. Then the Pt working electrode was thoroughly
rinsed with water and dried with argon gas blowing. The two Pt wires were successively
sonicated in acetone, isopropanol and water then dried at 120 ℃ in an oven. After the ECL
experiments, Fc was added to the system as an internal potential reference to calibrate the
applied potentials to SCE. (The formal potential EFc+/Fc0’ was taken as 0.38 V vs. SCE in
MeCN).18
For the measurements of CV and ECL-voltage curves during potential scans, current-time
and ECL-time curves during potential pulsing experiments, an Autolab potentiostat
(PGSTAT30, Metrohm, Switzerland) controlled by its NOVA software was used as the
ECL driving force.22 A photomultiplier tube (PMT, R3869, Hamamatsu, Japan) biased at
-750 V by a high voltage supply was used to detect ECL signals generated in the vicinity
of the working electrode. A picoammeter (Keithley 6487, Cleveland, OH) was employed
to transform the photocurrent as the ECL intensity detected by the PMT to a voltage signal
which was fed into one of the two auxiliary ports of the Autolab and displayed as an
external signal in the NOVA software. The sensitivity on the picoammeter was manually
adjusted to avoid its display saturation. All the other parameters were also accordingly
adjusted in the NOVA software. As introduced above, the electrochemical cell was placed
in the black box above the PMT during the whole experiments, maintaining a constant
distance of 7.37 cm between the working electrode surface and PMT window.
For the ECL spectroscopy measurements,41 a CHI610A electrochemical workstation (CH
Instruments, Austin, TX) was utilized as ECL driving force. The electrochemical cell was
placed above a spectrograph with a grating of 50 l/mm blazed at 600 nm (Acton 2300i,
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Teledyne Princeton Instruments, Trenton, NJ) coupled with a CCD camera (Model DU401BR-DD-352, Andor Technology, UK). Prior to any spectroscopy capture, the CCD camera
was cooled down to -65 ℃ and calibrated with a HG-1 mercury-argon source (Ocean
Optics, Orlando, FL). All the electrochemistry parameters were adjusted in the CHI
software while the ones of spectroscopy measurements were controlled by the
corresponding Andor Technology program. The other ECL apparatus and their preparation
processes, the ECL instrumentation, and the ECL efficiency determination method remain
the same as the ones introduced in the previous chapters.

4.1.3

Results and Discussion

Absolute ECL quantum efficiency is defined as the number of photons emitted by the
number of electrons injected as indicated in Eq. (4.1), where νphoton is the total photon
emission rate which can be converted from the photocurrent detected by the PMT, and
νelectron is the total Faradaic electron injection rate that is determined by subtraction of nonFaradaic current from the total current measured.22
∅𝐸𝐶𝐿 =

∫ 𝜈𝑝ℎ𝑜𝑡𝑜𝑛 𝑑𝑡
∫ 𝜈𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑑𝑡

× 100%

(4.1)

Many factors must be considered to convert photocurrent to νphoton:
1. ECL detection correction: During the ECL measurement, some of the light
generated in the vicinity of the electrodes were not detected by the PMT, and a
correction factor σPMT is introduced considering the PMT surface area (APMT),
distance from PMT to electrode (d), and electrode reflectivity (R) which is defined
in Eq. (4.2).
𝜎𝑃𝑀𝑇 =

𝐴𝑃𝑀𝑇
4𝜋𝑑2

× (1 + 𝑅)

(4.2)

2. Hardware and wavelength specific factor: Considering the difference of PMT’s
sensitivity to ECL emission at specific wavelength, a hardware and wavelength
specific factor (C) is introduced as seen in Eq. (4.3) after the calibration of PMT,
𝐶=

∫ 𝑄(𝜆)𝑆(𝜆)𝑑𝜆
∫ 𝑆(𝜆)𝑑𝜆

(4.3)
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where Q(λ) is the calibrated quantum efficiency of PMT (electrons per photon)
while S(λ) is the normalized ECL emission spectrum with background subtraction.
3. Self-absorption correction: During the ECL process, the iridium complexes in
solution could self-absorb the ECL emitted. The absorption correction factor (kABS)
as shown in Eq. (4.4), is determined from the UV-Vis absorption spectrum and ECL
emission spectrum, which method is outlined in our previous report.22
𝑘𝐴𝐵𝑆 =

∫ 𝑡𝑜𝑡𝑎𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑑𝜆 + ∫ 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑑𝜆
∫ 𝑡𝑜𝑡𝑎𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑑𝜆

(4.4)

With the corrections considered above, the total photon emission rate νphoton can be
converted from the photocurrent (PC) detected by the PMT by Eq. (4.5), where NA and F
represent Avogadro’s number and Faraday’s constant, respectively.
𝜈𝑝ℎ𝑜𝑡𝑜𝑛 =

𝑃𝐶×𝑁𝐴 ×𝑘𝐴𝐵𝑆
𝐹×𝜎𝑃𝑀𝑇 ×𝐶

(4.5)

Furthermore, unlike Faradaic current, the non-Faradaic current during an electrochemistry
process does not contribute to the ECL generation and needs to be subtracted when
determining the absolute ECL efficiency. Determination of Faradaic current (iF) is shown
in Eq. (4.6), where iBG indicates the background current (non-Faradaic current) and ix
represents the total current (Faradaic and non-Faradaic current). The method to determine
background current was introduced in our recent publication.22
𝑖𝐹 = 𝑖𝑥 − 𝑖𝐵𝐺

(4.6)

Then the total Faradaic electron injection rate νelectron is determined by Eq. (4.7), where iF
is the Faradaic current from Eq. (4.6) and qe is a constant related to the charges per electron:
𝑖

𝜈𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 = 𝑞𝐹

𝑒

(7)

As such, combining Eq (4.1), (4.5) and (4.7), absolute ECL efficiencies are determined
from the photocurrent (PC) and current (ix) using Eq. (4.8):
∅𝐸𝐶𝐿 =

∫ 𝑃𝐶 𝑑𝑡
∫(|𝑖𝑥 |−|𝑖𝐵𝐺 |) 𝑑𝑡

×

𝑁𝐴 ×𝑘𝐴𝐵𝑆 ×𝑞𝑒
𝐹×𝜎𝑃𝑀𝑇 ×𝐶

(4.8)
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The parameters for the calculations are summarized in the Table 4.1 and Matlab codes
employed are the same as our previous report.22 In this work, we have applied
potentialdynamic method at a scan rate of 100 mV/s (CV-ECL), potential pulsing at 10 Hz,
and 100 Hz, respectively, to Ir-1 and [Ir-2]+ and determined their absolute ECL
efficiencies. The results are shown in Table 4.2 and are further discussed in the following
sections.
Table 4.1. Parameters for Photon and Current Corrections
Parameters for calibration and Current Corrections
[Ir-2]+

Ir-1

Samples

1.3 × 106

PMT Gain Factor
PMT Calibration Factor

0.1732
0.00019 (m2)

PMT Surface Area
Electrode Diameter

0.002 (m)

Distance from PMT to Electrode Surface

0.0737 (m)

Electrode Reflectivity at ECL Peak Wavelength

65%

66%

Absorption Correction Factors

19%

16%

Optical Density

Varied during experiments

PMT Sensitivity (nA/V)

Varied during experiments

Table 4.2. Absolute and relative ECL efficiencies of Ir-1 and [Ir-2]+
Absolute and Relative ECL Efficiencies
CV-ECL

Pulsing at 10 Hz

Pulsing at 100 Hz

Method
Absolute

Relative

Absolute

Relative

Absolute

Relative

Ir-1_Ann

0.0013%

3.8%

0.039%

1.4%

0.17%

0.85%

[Ir-2]+_Ann

0.0016%

9.7%

0.072%

1.6%

0.22%

1.4%

Ir-1_BPO

0.027%

1.7%

0.65%

2.2%

0.86%

1.8%

[Ir-2]+_BPO

0.37%

13%

1.4%

3.5%

2.2%

2.6%
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Figure 4.2 displays the CVs with the corresponding ECL-voltage curves of 0.5 mM Ir-1
(Figure 4.2A) and [Ir-2]+ (Figure 4.2B) in MeCN at a scan rate of 0.1 V/s. Ir-1 undergoes
an oxidation reaction and a reduction reaction at peak potentials of 0.57 V and -2.31 V,
respectively, and generates ECL in both anodic and cathodic scans. It should be noted that
in this annihilation pathway, the anodic ECL of Ir-1 is much stronger than the cathodic
one. In comparison, the oxidation and reduction potentials of [Ir-2]+ are located at 1.36 V
and -1.48 V, respectively, both of which are more anodically shifted than those of Ir-1. As
seen in the purple curve in Figure 4.2B, [Ir-2]+ produces no appreciable anodic ECL but
high cathodic ECL (~45 nA) in the annihilation route, which is much stronger than the
cathodic ECL of Ir-1 (~3 nA). It is plausible that the iridium atom in [Ir-2]+ bonded with
N has greater metal character than the one bonded with C in Ir-1, which produces a more
chemically stable oxidation thus allow enough time for the radical dications to diffuse and
interact with the neutral radicals in the vicinity of working electrode to produce ECL.

Figure 4.2. CVs with the corresponding ECL-voltage curves of 0.5 mM (A) Ir-1 and (B)
[Ir-2]+ acquired in MeCN at a scan rate of 0.1 V/s.
During the potential scans, accumulated ECL spectra of both samples were acquired as
shown in Figure 4.3. Combined with the absorption corrections (Figure 4.4 and Table 4.1),
they were employed to determine the C factor22 together with the PMT responsivity curve
(Figure 4.5 and Figure 4.6). The absolute ECL efficiencies from Figure 4.2 were thereafter
determined to be 0.0013% for Ir-1, and 0.0016% for [Ir-2]+ (Table 4.2), both of which are
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comparable with that of [Ru(bpy)3]2+ (0.0019%) via an annihilation ECL pathway during
CVs as previously reported by our report.22

Figure 4.3. Original accumulated ECL spectra of (A) Ir-1 and (B) [Ir-2]+ during CVs scans
in annihilation pathway.

Figure 4.4. Normalized absorption and ECL spectra of (A) Ir-1 and (B) [Ir-2]+ to determine
the absorption correction factors.
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Figure 4.5. Normalized background subtraction emission spectra and with corresponding
PMT responsivity of Ir-1.

Figure 4.6. Normalized background subtraction emission spectra and with corresponding
PMT responsivity of [Ir-2]+.
Benzoyl peroxide (BPO) was then added as an oxidative co-reactant to improve the ECL
performances. It should be noted that the ECL of Ir-1 and [Ir-2]+ in the annihilation route,
and that of Ir-1 with TPrA as the co-reactant were previously reported by other groups and
us.18,37,42 However, the ECL behavior of these two iridium complexes have never been
investigated with a reduction-oxidative co-reactant like BPO. Fig. 3A and 3B illustrate the
CVs with corresponding ECL-voltage curves of 0.5 mM Ir-1 and [Ir-2]+ in MeCN with
the addition of 5 mM BPO, respectively. The onset of the ECL potential of Ir-1/BPO
system is at -2.12 V, right at the reduction of Ir-1, approaching a maximum ECL intensity
of 31 µA. Similarly, the onset ECL of the [Ir-2]+/BPO solution is located at -1.41 V, which
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is also close to the reduction of [Ir-2]+. The ECL intensity of the latter system reaches up
to 148 µA, which is much higher than the Ir-1 system. The absolute ECL efficiencies of
the two iridium complexes-BPO systems during CVs were then determined (Table 4.2).
The ɸECL of [Ir-2]+ is 0.37%, which is more than 10 times higher than that of Ir-1, 0.027%.

Figure 4.7. CVs with the corresponding ECL-voltage curves of 0.5 mM (A) Ir-1 and (B)
[Ir-2]+ with 5 mM BPO as the co-reactant acquired in MeCN at a scan rate of 0.1 V/s.
For both iridium complexes, the co-reactant pathway shows higher efficiencies than the
annihilation pathway. This is because both the iridium complexes and co-reactant BPO
were reduced close to each other within negative potential regions, thus the ratio of decayed
radicals is smaller while the amounts of radicals to produce ECL are increased.
Furthermore, the benzoate radical (PhCOO∙) is quite a strong oxidant, thus shows much
higher reactivity than the radicals of the iridium complexes, so it can preferentially take an
electron from the iridium complexes to generate their excited states.1
In contrast, the [Ir-2]+/BPO co-reactant system demonstrates higher ECL efficiencies than
that of Ir-1/BPO, while the annihilation ECL efficiencies of the two luminophores are very
close (0.0013% for Ir-1, and 0.0016% for [Ir-2]+). The stability and reactivity of radicals
could perfectly explain these observations: For annihilation, the generation of ECL requires
both the radical cations and radical anions (radical dications and neutral radicals for [Ir2]+ since it carries one positive charge initially). The potential difference between the redox
of Ir-1 and [Ir-2]+ is close. With the same scan rate of 0.1 V/s in CVs scans, it results in
similar time for Ir-1’s (33.6 s) [Ir-2]+’s (32.3 s) radicals to interact and recombine with
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their counterpart, respectively. The time more is quite long compared with the lifetime of
radicals. As such, the kinetic stability of radicals is the key factor for ECL efficiency in the
annihilation route. Based on their similar efficiencies, it is plausible that the stability of Ir1 and [Ir-2]+ radicals are close. For the BPO co-reactant process, ECL emission requires
the reduction of both BPO and the iridium complexes. As shown in the CVs (Figure 4.7),
BPO is always reduced first at -1.10 V, while Ir-1 is reduced at -2.31 V and [Ir-2]+ is
reduced at -1.48 V. At a scan rate of 0.1 V/s, it takes 12.1 s for BPO radicals to encounter
the Ir-1 radicals, while most of the BPO radicals would have decayed during this time
period. On the contrary, only 3.8 s is required for the interactions between BPO and [Ir2]+ radicals, meaning that relatively fewer BPO radicals would have decayed and so can
react with the [Ir-2]+ radicals to generate ECL. Noting that the onset of the ECL occurs
right at the potential of the reduction of the iridium complexes, the intrinsic stability of
reduced iridium complex radicals is no longer an issue. This explains well that the ECL
efficiency of [Ir-2]+ is much higher than that of Ir-1 despite the lower photoluminescence
quantum yield through the co-reactant mechanism with BPO.
Spooling ECL spectroscopy was developed by our group, which is employed to reveal the
kinetics of the ECL.41 Figure 4.8 displays the spooling ECL spectra of Ir-1 and [Ir-2]+
acquired within CV scans upon addition of 5 mM BPO as the co-reactant. The spectra of
both samples are color coded to distinguish the evolution and devolution of the ECL
processes based on which two mechanisms are proposed as described in Figure 4.9. Taking
Ir-1 as an example, after the reduction of BPO, a strongly oxidizing benzoyl radical
(PhCOO∙) is generated. In one pathway, this species could oxidize the radical anion of Ir1 generated at -2.12 V to produce the Ir-1* that emits ECL right at -2.12 V (Figure 4.9A).
Alternatively, PhCOO∙ could also oxidize the neutral Ir-1, producing radical cations of Ir1 that could thereafter react with the radical anions of Ir-1 to emit ECL at -2.12 V (Figure
4.9B). In both mechanisms, ECL is generated at -2.12 V where the Ir-1 radical anions are
produced. The onset ECL potentials and ECL regions revealed by the spooling ECL
spectroscopy match well with the ECL-voltage curves in Figure 4.7.
As seen in the insets of Figure 4.8, the spectra of both iridium complexes display constant
shapes and peak wavelengths during potential scans, indicating the independence of the
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excited states on applied potentials. Furthermore, the spectra also demonstrated the same
features as their annihilation ECL spectra (Figure 4.3), providing evidence that identical
excited states are generating ECL during annihilation and co-reactant processes.

Figure 4.8. Spooling ECL spectra of 0.5 mM (A) Ir-1 and (B) [Ir-2]+ with 5 mM BPO as
the co-reactant during a CV scan. Insets are the 2D views of spooling ECL spectra
demonstrating constant shapes and peak wavelengths.

Figure 4.9. ECL mechanisms of fac-Ir(ppy)3 (Ir-1) with BPO as co-reactant.
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Compared with CV-ECL, potential pulsing ECL experiments can significantly reduce the
time delay for the radicals to meet, react and generate ECL. Figure 4.10A and Figure 4.10B,
respectively, display three cycles of current-time with the corresponding ECL-time curves
of 0.5 mM Ir-1 and [Ir-2]+ via an annihilation pathway during a potential pulsing between
their redox potentials at 10 Hz. Absolute efficiencies were also determined for the pulsedECL. In fact, Figure 4.10 only illustrates three cycles during the whole processes. Figure
4.11 shows the ECL-time curves of both Ir-1 and [Ir-2]+ in different routes for the entire
potential pulsing processes, based on which total electrons flux (electrons per second) and
total photons flux (photons per second) were determined, as introduced above as well as
documented in our previous report.22 Such flux curves of [Ir-2]+ during an annihilation
process at 10 Hz are shown in Figure 4.12 as an example.

Figure 4.10. Three cycles of current-time with the corresponding ECL-time curves of 0.5
mM (A) Ir-1 and (B) [Ir-2]+ during a potential pulsing experiment at 10 Hz frequency. The
corresponding applied potentials are indicated in grey.
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Figure 4.11. Raw data of ECL-time curves during the whole potential pulsing processes.
(A) Ir-1 in annihilation at 10 Hz. (B) Ir-1 in annihilation at 100 Hz. (C) Ir-1 with BPO at
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10 Hz. (D) Ir-1 with BPO at 100 Hz. (E) [Ir-2]+ in annihilation at 10 Hz. (F) [Ir-2]+ in
annihilation at 100 Hz. (G) [Ir-2]+ with BPO at 10 Hz. (H) [Ir-2]+ with BPO at 100 Hz.
PMT sensitivities and optical filters were accordingly indicated.

Figure 4.12. Total electron and photon flux curves of [Ir-2]+ in annihilation pathway
determined from the current and ECL time curves at 10 Hz.
As the pulsing frequency was set at 10 Hz, the time interval between the generation of
radical cations and anions was set to 0.1 s, which is significantly faster than that in a CVECL experiment at a scan rate of 0.1 V/s. As a result, compared with the ECL-voltage
curves during CVs in Figure 4.7, their ECL intensities increase more than 200 times,
approaching ~10 µA. The ECL efficiencies also increased from 0.0013% to 0.039% for Ir1, and from 0.0016% to 0.072% for [Ir-2]+, respectively, thanks to the much shorter time
interval between the formation of their radical cations and anions. Interestingly, during CV
scans, Ir-1 demonstrates higher ECL under positive potentials (Figure 4.7A), while with
potential pulsing it shows much higher ECL at negative potentials (Fig. 4.10A). This is
because in a scanning ECL process, the stability of the radicals dominates, while in a
pulsing ECL process, the frequency is set to be constant and the influence of the intrinsic
reactivity of the radicals on the ECL becomes dominant. It is plausible that the stability of
the Ir-1 radical anions is higher, but their reactivity is lower than the radical cations of Ir1.
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When BPO was added as a co-reactant, the potentials were pulsed between 0.58 V and
their ECL peak potentials as shown in Figure 4.13. Once more, the two iridium complexes
demonstrate higher ECL efficiencies (seen in Table 4.2) compared with both their CV-ECL
in the co-reactant route (Figure 4.7) thanks to the smaller time interval, and their pulsedECL in annihilation process (Figure 4.10) thanks to BPO. Notably, the pulsed-ECL of [Ir2]+ with 5 mM BPO (Figure 4.13B) was so strong that it saturated the PMT and an optical
filter (OD=1) was placed in front of the PMT window to avoid saturation. Thus, the ECL
intensity shown in Figure 4.13B is in fact 10 times smaller than it truly performed. Also
noteworthy is the fact that that Ir-1 generates ECL immediately when the potential is
switched (Figure 4.13A), while there is an obvious delay (~0.1 s) for [Ir-2]+ to produce
ECL (Figure 4.13B). This is because after the reduction of Ir-1, the radical anions of Ir-1,
which carry negative charges are repelled by the working electrode that serves as the
cathode. This repulsion could accelerate the radicals to the diffusion layer to react with
benzoyl radicals and emit ECL. Exemplar photon and electron flux curves of [Ir-2]+ with
BPO at 10 Hz pulsing are shown in Figure 4.14.

Figure 4.13. Three cycles of current-time with the corresponding ECL-time curves of 0.5
mM (A) Ir-1 and (B) [Ir-2]+ (OD=1) with 5 mM BPO as the co-reactant during a potential
pulsing experiment at 10 Hz frequency. The corresponding applied potentials are indicated
in grey.
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Figure 4.14. Total electron and photon flux curves of [Ir-2]+ with BPO determined from
the current and ECL time curves at 10 Hz.
Next, we increased the pulsing frequency to 100 Hz to investigate the impact on their ECL
behavior. Figure 4.15 demonstrate three cycles of current-time with ECL-time curves of
0.5 mM Ir-1 and [Ir-2]+ in annihilation and co-reactant processes, respectively. The ECL
intensities were further improved because of the even smaller time interval (0.01 s) to
generate the corresponding radical species. Fewer radicals decayed but instead they meet
and react to emit ECL at a pulsing frequency of 100 Hz. Similar observations were found
for ECL efficiencies. Compared with ECL efficiencies with 10 Hz pulsing, the ones with
100 Hz pulsing are higher, and both are significantly higher than those of the CVs. Those
observation can once again be explained by the time interval corresponding to stability of
the radicals. For CV-ECL, with a constant scan rate of 0.1 V/s, the time interval depends
on their redox potentials, resulting in tens of seconds for radical species to meet and react.
For pulsing methods, the time interval of 10 Hz is 0.1 s and that of 100 Hz is 0.01 s, both
of which are much shorter than the ones of CVs, leading to the decay of fewer radical
species before they interacted, thus resulting in higher ECL efficiencies. These differences
in time intervals depending on the method are summarized in Table 4.3. The frequency
effect originates from the fact that none of the radicals generated in an electrochemistry
process for these complexes is stable. As such, shorter time intervals result in fewer
decayed radicals and higher ECL efficiency.
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Figure 4.15. Three cycles of current-time with the corresponding ECL-time curves of 0.5
mM (A) Ir-1 in annihilation, (B) [Ir-2]+ in annihilation, (C) Ir-1 with BPO (OD=1), (D) [Ir2]+ with BPO (OD=2) during a potential pulsing experiment at 100 Hz frequency.
Table 4.3. Time Interval between the Formation of Cationic and Anionic Radical Species
Method

Time (s)

Ir-1_Ann

33.6 s

[Ir-2]+_Ann

32.3 s

Ir-1_BPO

12.8 s

[Ir-2]+_BPO

3.1 s

CV-ECL

Pulsed-ECL at 10 Hz

0.1 s

Pulsed-ECL at 100 Hz

0.01 s

The difference in the charge of the complexes may also contribute to the differences in the
ECL efficiencies of Ir-1 and [Ir-2]+. For instance, [Ir-2]+ is positively charge. During its
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oxidation, it forms the radical dications [Ir-2]2+, which would be repelled into the diffusion
layer by the working electrode that was employed as the anode carrying positive charge.
During its reduction, neutral radical species [Ir-2] would be generated that is neither
attracted nor repelled by the working electrode. In comparison, for Ir-1 that is initially
neutral, both the oxidative products [Ir-1]+ and the reductive products [Ir-1]- would be
repelled by the working electrodes and the number of radical species in the diffusion layer
would as a result increase. A similar analysis can be made for the co-reactant ECL route:
The radical anions of Ir-1 would be repelled by the electrode and thus the concentration of
this species would increase in the diffusion layer while this would not be the case for the
neutral [Ir-2]. As a result, Ir-1 should show a higher ECL efficiency compared to [Ir-2]+.
However, whatever is the electrochemistry method, [Ir-2]+ consistently demonstrates
higher ECL efficiencies than Ir-1 (Table 1), which is due to the higher stability and stronger
reactivity of the radicals of [Ir-2]+ than Ir-1. We can therefore conclude that the intrinsic
charge of the complex does not materially contribute to the relative ECL efficiencies of
these iridium complexes.
We then calculated the relative ECL efficiencies of the two iridium complexes using Eq.
(4.9) where x represents the ECLphore studied and st indicates the standard sample
[Ru(bpy)3]2+ under the same experimental condition.

ɸ𝑥 =

∫ 𝐸𝐶𝐿 𝑑𝑡
)𝑥
∫ 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑡
∫ 𝐸𝐶𝐿 𝑑𝑡
(
)𝑠𝑡
∫ 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑡

(

× ɸ𝑠𝑡

(4.9)

By taking ɸst as 5%,24 the relative ECL efficiencies of Ir-1 and [Ir-2]+ are summarized in
Table 1. It is evident that the relative ECL efficiencies determined using such a method do
not match with the absolute values. Two factors that have significant effect on the ECL
efficiencies are the radical stability and radical reactivity, which were not considered
during the comparison with [Ru(bpy)3]2+. In other words, the behavior of the radicals of
the iridium complexes and [Ru(bpy)3]2+ are different, leading to the divergence in results.
Furthermore, as the co-reactant ECL efficiencies have never been reported, they are thus
not comparable when we assume that the ECL efficiency of [Ru(bpy)3]2+ with BPO is also
5%. Though relative ECL efficiency determination does provide some insights into the
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relative ECL performance, the absolute ECL efficiency more accurately reflects the
electrochemical processes at play and thus provide a more accurate determination of the
ECL efficiency.

4.1.4

Conclusions

In conclusion, the absolute ECL QEs of two iridium(III) complexes, fac-Ir(ppy)3 (Ir-1)
and [Ir(ppy)2(dtbubpy)]+ ([Ir-2]+), were determined via annihilation and co-reactant
processes. For the ECL generated during potentiodynamic scans, radical stability of the
iridium complexes is the key factor influencing the ECL efficiency in the annihilation
route, while radical reactivity of the complexes and the radical stability of BPO become
dominant in the co-reactant pathway. For ECL generation during potential pulsing, the
frequency was not modulated and the time interval between radical generation becomes as
small as 0.1 s for 10 Hz and 0.01 s for 100 Hz, respectively, resulting in radical reactivity
becoming the dominant parameter that affects ECL efficiency. Intermediate charge has
little effect on ECL generation from various charge species. Importantly, the behavior of
the iridium-based radicals is different from those based on [Ru(bpy)3]2+ and thus it is not
appropriate to rely on the relative ECL QE as an accurate predictor of the true ECL QE.
We thus advocate the use of absolute ECL QE to assess ECL efficiencies.

4.1.5
(1)

References
Hesari, M.; Ding, Z. Review—Electrogenerated Chemiluminescence: Light Years
Ahead. J. Electrochem. Soc. 2016, 163, H3116-H3131.

(2)

Gu, W.; Wang, X.; Wen, J.; Cao, S.; Jiao, L.; Wu, Y.; Wei, X.; Zheng, L.; Hu, L.;
Zhang, L.; Zhu, C. Modulating Oxygen Reduction Behaviors on Nickel SingleAtom Catalysts to Probe the Electrochemiluminescence Mechanism at the Atomic
Level. Anal. Chem. 2021, 93, 8663-8670.

(3)

Miao, W. J. Electrogenerated Chemiluminescence and Its Biorelated Applications.
Chem. Rev. 2008, 108, 2506-2553.

92

(4)

Xing, H. H.; Xia, H. Y.; Fan, Y. C.; Xue, Y.; Peng, C.; Ren, J. T.; Li, J.; Wang, E.
A Solid-State Electrochemiluminescence Sensor Based on Novel TwoDimensional Ti3C2 Mxene. ChemElectroChem 2021, 8, 1858-1863.

(5)

Ning, Z.; Chen, M.; Wu, G.; Zhang, Y.; Shen, Y. Recent Advances of Functional
Nucleic Acids-Based Electrochemiluminescent Sensing. Biosens. Bioelectron.
2021, 191, 113462.

(6)

Hu, L.; Wu, Y.; Xu, M.; Gu, W.; Zhu, C. Recent Advances in Co-Reaction
Accelerators for Sensitive Electrochemiluminescence Analysis. Chem. Commun.
2020, 56, 10989-10999.

(7)

Ding, H.; Zhou, P.; Fu, W.; Ding, L.; Guo, W.; Su, B. Spatially Selective Imaging
of Cell-Matrix and Cell-Cell Junctions by Electrochemiluminescence. Angew.
Chem. Int. Ed. 2021, 60, 11769-11773.

(8)

Ma, C.; Wu, S.; Zhou, Y.; Wei, H. F.; Zhang, J.; Chen, Z.; Zhu, J. J.; Lin, Y.; Zhu,
W.

Bio-Co-reactant-Enhanced

Electrochemiluminescence

Microscopy

of

Intracellular Structure and Transport. Angew. Chem. Int. Ed. 2021, 60, 4907-4914.
(9)

Ma, X.; Gao, W.; Du, F.; Yuan, F.; Yu, J.; Guan, Y.; Sojic, N.; Xu, G. Rational
Design of Electrochemiluminescent Devices. Acc. Chem. Res. 2021, 54, 29362945.

(10)

Wang, Y.; Zhao, G.; Chi, H.; Yang, S.; Niu, Q.; Wu, D.; Cao, W.; Li, T.; Ma, H.;
Wei, Q. Self-Luminescent Lanthanide Metal-Organic Frameworks as Signal Probes
in Electrochemiluminescence Immunoassay. J. Am. Chem. Soc. 2021, 143, 504512.

(11)

Xu, C.; Li, J.; Kitte, S. A.; Qi, G.; Li, H.; Jin, Y. Light Scattering and Luminophore
Enrichment-Enhanced Electrochemiluminescence by a 2d Porous Ru@SiO2
Nanoparticle Membrane and Its Application in Ultrasensitive Detection of ProstateSpecific Antigen. Anal. Chem. 2021, 93, 11641-11647.

93

(12)

Pan, D.; Fang, Z.; Yang, E.; Ning, Z.; Zhou, Q.; Chen, K.; Zheng, Y.; Zhang, Y.;
Shen, Y. Facile Preparation of WO3-X Dots with Remarkably Low Toxicity and
Uncompromised

Activity

as

Co-reactants

for

Clinical

Diagnosis

by

Electrochemiluminescence. Angew. Chem. Int. Ed. 2020, 59, 16747-16754.
(13)

Zheng, Y. J.; Ning, Z. Q.; Pan, D.; Han, D.; Xu, Y.; Liu, S. Q.; Zhang, Y. J.; Shen,
Y. F. Electrochemiluminescent Detection of Hnqo1 and Associated Drug Screening
Enabled by Futile Redox Cycle Reaction. Sens. Actuators B Chem. 2020, 321,
128557.

(14)

Wong, J. M.; Zhang, R.; Xie, P.; Yang, L.; Zhang, M.; Zhou, R.; Wang, R.; Shen,
Y.; Yang, B.; Wang, H.-B.; Ding, Z. Revealing Crystallization-Induced Blue-Shift
Emission of a Di-Boron Complex by Enhanced Photoluminescence and
Electrochemiluminescence. Angew. Chem. Int. Ed. 2020, 59, 17461-17466.

(15)

Yang, L.; Hendsbee, A. D.; Xue, Q.; He, S.; De-Jager, C. R.; Xie, G.; Welch, G.
C.; Ding, Z. Atomic Precision Graphene Model Compound for Bright
Electrochemiluminescence and Organic Light-Emitting Diodes. ACS Appl. Mater.
Interfaces 2020, 12, 51736-51743.

(16)

Abdussalam, A.; Yuan, F.; Ma, X.; Du, F.; Zholudov, Y. T.; Zafar, M. N.; Xu, G.
Tris(2,2′-Bipyridine)Ruthenium(Ii) Electrochemiluminescence Using Rongalite
as Co-reactant and Its Application in Detection of Foodstuff Adulteration. J.
Electroanal. Chem. 2020, 857, 113752.

(17)

Qin, Y.; Wang, Z.; Xu, J.; Han, F.; Zhao, X.; Han, D.; Liu, Y.; Kang, Z.; Niu, L.
Carbon Nitride Quantum Dots Enhancing the Anodic Electrochemiluminescence
of Ruthenium(Ii) Tris(2,2'-Bipyridyl) Via Inhibiting the Oxygen Evolution
Reaction. Anal. Chem. 2020, 92, 15352-15360.

(18)

Swanick, K. N.; Ladouceur, S.; Zysman-Colman, E.; Ding, Z. Correlating
Electronic Structures to Electrochemiluminescence of Cationic Ir Complexes. RSC
Adv. 2013, 3, 19961-19964.

94

(19)

Zhu, D.; Zhang, Y.; Bao, S.; Wang, N.; Yu, S.; Luo, R.; Ma, J.; Ju, H.; Lei, J. Dual
Intrareticular Oxidation of Mixed-Ligand Metal-Organic Frameworks for Stepwise
Electrochemiluminescence. J. Am. Chem. Soc. 2021, 143, 3049-3053.

(20)

Zhu, X.; Xing, H.; Xue, Y.; Li, J.; Wang, E.; Dong, S. Atom-Anchoring Strategy
with

Metal-Organic

Frameworks

for

Highly

Efficient

Solid-State

Electrochemiluminescence. Anal. Chem. 2021, 93, 9628-9633.
(21)

Zhu,

X.;

Zhai,

Q.;

Gu,

W.;

Li,

J.;

Wang,

E.

High-Sensitivity

Electrochemiluminescence Probe with Molybdenum Carbides as Nanocarriers for
Alpha-Fetoprotein Sensing. Anal. Chem. 2017, 89, 12108-12114.
(22)

Adsetts,

J.

R.;

Chu,

K.;

Hesari,

M.;

Ma,

J.;

Ding,

Z.

Absolute

Electrochemiluminescence Efficiency Quantification Strategy Exemplified with
Ru(Bpy)3(2+) in the Annihilation Pathway. Anal. Chem. 2021, 93, 11626-11633.
(23)

Chu, K.; Adsetts, J. R.; Ma, J.; Zhang, C.; Hesari, M.; Yang, L.; Ding, Z. Physical
Strategy to Determine Absolute Electrochemiluminescence Quantum Efficiencies
of Co-reactant Systems Using a Photon-Counting Photomultiplier Device. J. Phys.
Chem. C 2021.

(24)

Tokel-Takvoryan, N. E.; Hemingway, R. E.; Bard, A. J. Electrogenerated
Chemiluminescence.

Xiii.

Electrochemical

and

Electrogenerated

Chemiluminescence Studies of Ruthenium Chelates. J. Am. Chem. Soc. 2002, 95,
6582-6589.
(25)

Keszthelyi, C. P.; Tokel-Takvoryan, N. E.; Bard, A. J. Electrogenerated
Chemiluminescence. Determination of the Absolute Luminescence Efficiency in
Electrogenerated Chemiluminescence. 9,10-Diphenylanthracene-Thianthrene and
Other Systems. Anal. Chem. 2002, 47, 249-256.

(26)

Chu, K.; Adsetts, J. R.; He, S.; Zhan, Z.; Yang, L.; Wong, J. M.; Love, D. A.; Ding,
Z. Electrogenerated Chemiluminescence and Electroluminescence of N-Doped

95

Graphene Quantum Dots Fabricated from an Electrochemical Exfoliation Process
in Nitrogen-Containing Electrolytes. Chem. Eur. J. 2020, 26, 15892-15900.
(27)

Adsetts,

J.

R.;

Hoesterey,

S.;

Gao,

C.;

Love,

D.

A.;

Ding,

Z.

Electrochemiluminescence and Photoluminescence of Carbon Quantum Dots
Controlled by Aggregation-Induced Emission, Aggregation-Caused Quenching,
and Interfacial Reactions. Langmuir 2020, 36, 14432-14442.
(28)

Yang, L.; Koo, D.; Wu, J.; Wong, J. M.; Day, T.; Zhang, R.; Kolongoda, H.; Liu,
K.; Wang, J.; Ding, Z.; Pagenkopf, B. L. Benzosiloles with Crystallization-Induced
Emission

Enhancement

of

Electrochemiluminescence:

Synthesis,

Electrochemistry, and Crystallography. Chem. Eur. J. 2020, 26, 11715-11721.
(29)

Yang, L.; De-Jager, C. R.; Adsetts, J. R.; Chu, K.; Liu, K.; Zhang, C.; Ding, Z.
Analyzing Near-Infrared Electrochemiluminescence of Graphene Quantum Dots in
Aqueous Media. Anal. Chem. 2021, 93, 12409-12416.

(30)

Xu, Z. H.; Gao, H.; Zhang, N.; Zhao, W.; Cheng, Y. X.; Xu, J. J.; Chen, H. Y.
Ultrasensitive Nucleic Acid Assay Based on Cyclometalated Iridium(Iii) Complex
with High Electrochemiluminescence Efficiency. Anal. Chem. 2021, 93, 16861692.

(31)

Voci, S.; Duwald, R.; Grass, S.; Hayne, D. J.; Bouffier, L.; Francis, P. S.; Lacour,
J.; Sojic, N. Self-Enhanced Multicolor Electrochemiluminescence by Competitive
Electron-Transfer Processes. Chem. Sci. 2020, 11, 4508-4515.

(32)

Balónová, B.; Martir, D. R.; Clark, E. R.; Shepherd, H. J.; Zysman-Colman, E.;
Blight, B. A. Influencing the Optoelectronic Properties of a Heteroleptic Iridium
Complex by Second-Sphere H-Bonding Interactions. Inorg. Chem. 2018, 57, 85818587.

(33)

Balónová, B.; Shepherd, H. J.; Serpell, C. J.; Blight, B. A. Ir(III) as a Strategy for
Preorganisation in H-Bonded Motifs. Supramol. Chem. 2019, 32, 1-12.

96

(34)

Colombo, A.; Dragonetti, C.; Guerchais, V.; Hierlinger, C.; Zysman-Colman, E.;
Roberto, D. A Trip in the Nonlinear Optical Properties of Iridium Complexes.
Coord. Chem. Rev. 2020, 414, 213293.

(35)

Pal, A. K.; Krotkus, S.; Fontani, M.; Mackenzie, C. F. R.; Cordes, D. B.; Slawin,
A. M. Z.; Samuel, I. D. W.; Zysman-Colman, E. High-Efficiency Deep-BlueEmitting Organic Light-Emitting Diodes Based on Iridium(III) Carbene
Complexes. Adv. Mater. 2018, 30, 1804231.

(36)

Yang, L.; Sun, X.; Wei, D.; Ju, H.; Du, Y.; Ma, H.; Wei, Q. Aggregation-Induced
Electrochemiluminescence Bioconjugates of Apoferritin-Encapsulated Iridium(III)
Complexes for Biosensing Application. Anal. Chem. 2021, 93, 1553-1560.

(37)

Adamson, N. S.; Theakstone, A. G.; Soulsby, L. C.; Doeven, E. H.; Kerr, E.; Hogan,
C. F.; Francis, P. S.; Dennany, L. Emission from the Working and Counter
Electrodes under Co-reactant Electrochemiluminescence Conditions. Chem. Sci.
2021, 12, 9770-9777.

(38)

Zhou, Y. Y.; Ding, Y. M.; Dong, J. H.; Zhao, Y. B.; Chen, F.; He, Y. J. Low
Oxidation

Potential

Electrochemiluminescence

from

Novel

Iridium(III)

Complexes Comprising N-Heterocyclic Carbene Main Ligands Containing
Dibenzothiophene Motif. J. Electroanal. Chem. 2021, 895, 115534.
(39)

King, K.; Spellane, P.; Watts, R. J. Excited-State Properties of a Triply OrthoMetalated Iridium (III) Complex. J. Am. Chem. Soc. 1985, 107, 1431-1432.

(40)

Martir, D. R.; Momblona, C.; Pertegás, A.; Cordes, D. B.; Slawin, A. M. Z.; Bolink,
H. J.; Zysman-Colman, E. Chiral Iridium(III) Complexes in Light-Emitting
Electrochemical Cells: Exploring the Impact of Stereochemistry on the
Photophysical Properties and Device Performances. ACS Appl. Mater. Interfaces
2016, 8, 33907-33915.

(41)

Hesari, M.; Ding, Z. Spooling Electrochemiluminescence Spectroscopy:
Development, Applications and Beyond. Nat. Protoc. 2021, 16, 2109-2130.

97

(42)

Bruce, D.; Richter, M. M. Green Electrochemiluminescence from Ortho-Metalated
Tris(2-Phenylpyridine)Iridium(III). Anal. Chem. 2002, 74, 1340-1342.

4.2 Insights into the ECL Process of a Hydrogen Bonding
Iridium Complex††
Hydrogen bonding has been reported as a smart strategy in electrochemiluminescence
(ECL) mechanism studies and sensing applications. However, the insights into the
hydrogen bonding effect on ECL behavior have never been clearly demonstrated. This
work reports ECL of complex 1•3 based on the hydrogen-bonding interaction between an
IrIII complex (1) and pyrimido-[4,5-c]isoquinolin-3-amine (3). In their cyclic
voltammograms (CVs), both complex 1 and compound 3 did not show any reductions;
however, the hydrogen-bonding complex 1•3 displayed a new reduction upon the mixture
of 1 and 3, which could be significantly weakened by the addition of DMF. In a co-reactant
ECL pathway with BPO, exciplex [PhCO2∙•1] and excimer [3•3] were produced, which
was demonstrated by PL and ECL spectroscopies. Furthermore, benzoyl radical PhCO2∙
could also react with the hydrogen bonding complex 1•3 to form [PhCO2∙•1•3] and
generate the same ECL emission as [PhCO2∙-1]. Our report provides insight into the ECL
process of this hydrogen-bonding complex.
††

This work by Liuqing Yang, Ruizhong Zhang, Barbora Balónová, Allison E. True,

Kenneth Chu, Jonathan R. Adsetts, Congyang Zhang, Xiaoli Qin, Eli Zysman-Colman,
Barry A. Blight, Zhifeng Ding has been published by J. Electroanal. Chem. in 2022 as seen
in Appendix D.

4.2.1

Introduction

Electrochemiluminescence (ECL), or electrogenerated chemiluminescence is a light
emission process in the vicinity of working electrode, induced by reactions either between
electrochemically generated radical species of the same luminophore in an annihilation
ECL pathway, or between an additional co-reactant and luminophore radicals in a coreactant ECL route.1,2 Compared with photoluminescence (PL), ECL has its strengths of
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low background signal and high sensitivity, and it does not require an additional excitation
light source. As such, ECL has been widely exploited in bioanalysis applications including
sensing,3-6 imaging,7-9 and similarly to electroluminescence (EL), ECL can also be used in
light-emitting devices.10
Researchers have created smart strategies and introduced them to ECL processes in order
to further improve ECL performance, such as aggregation-induced emission (AIE),11,12
crystallization-induced emission (CIE),13-15 thermally activated delayed fluorescence
(TADF)16-18 and electrochemical catalysis.19 Hydrogen bonding (H-bonding) is an essential
interaction that plays a key role in many branches of research.20,21 and it might be another
tool to achieve ECL improvement. For example, Lu and Zhang et al. suggested that βcyclodextrin (β-CD) could form self-assemblies with porphyrins by H-bonding interactions
to restrict the aggregation-caused quenching of porphyrin molecules, thus enhancing their
ECL in aqueous system.22 They also applied such depolymerization-induced ECL (DIECL)
for recognition of fluoride (F-) with high detection sensitivity and selectivity. The Wang
group reported that by introducing aniline (An) to 3,4,9,10-perylenetetracarboxylic
dianhydride (PTCDA), an H-bonding-based supramolecular nanomaterial (PTCDA-An)
was formed.23 Compared to the ECL of PTCDA itself, PTCDA-An based on H-bonding
not only displayed stronger ECL at the same wavelength as with only PTCDA at 486 nm,
but also showed two extra emissions at 692 and 760 nm, which were assigned to the Hdimer and J-dimer, respectively. Xu and coworkers significantly improved the ECL
performance of three AIE active polymer dots (Pdots) by tuning the side chain from ester
(-COOR) to carboxyl groups (-COOH).24 One reason of the ECL enhancement is that the
co-reactant triethylamine (TEA) could favorably approach the carboxyl groups through
hydrogen bonding to facilitate proton transfer and electron transfer in the ECL and
electrochemistry processes. Recently, the Yuan group prepared a highly ECL efficient
gold-silver nanocluster supramolecular network (AuAg NCs) induced by the H-bonding
interactions between Au NCs template 6-aza-2-thiothymine (ATT) and Ag NCs template
L-arginine (Arg).25 According to the authors, the H-bonding interaction between ATT and
Arg could greatly restrict the free rotation of ATT and Arg structures, thus reduce the
nonradiative transition of excited states and greatly promote its ECL efficiency.
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In the complicated ECL systems, the ECL emitter, co-reactant, supporting electrolyte and
solvent are usually co-existing, and many of them could affect the H-bonding interaction.
For instance, DMF is a common solvent to dissolve organic ECL emitters, and its N atoms
are expected to have strong influence on H-bonding. As such, to better design ECL systems
based on H-bonding with great performance, it is essential to understand the insights into
the ECL behavior of a strongly interacting H-bonding complex, which has never been
clearly demonstrated so far. In this work, we reported the ECL of H-bonding complex (1•3,
Figure 4.16)26 along with its two individual components and provided mechanisms for the
H-bonding effect on the ECL processes.

Figure 4.16. Chemical structures of 1 and 3, which combine through H-bonding to form
complex 1•3.26

4.2.2

Experimental Section

Dichloromethane (DCM, anhydrous, ≥99.8%, contains 40-150 ppm amylene as stabilizer),
N,N-dimethylformamide

(DMF,

anhydrous,

99.8%),

tetrabutylammonium

hexafluorophosphate (TBAPF6, for electrochemical analysis, ≥99.0%), benzoyl peroxide
(BPO, reagent grade, ≥98%) and ferrocene (Fc, 98%) were all purchased from SigmaAldrich (Mississauga, ON, Canada). DCM and DMF were received in Sure/SealTM bottles
and moved to a N2 filled glove box before opening. TBAPF6 was stored in a dark
environment under vacuum. BPO was preserved in a refrigerator at 4 ℃. Fc was placed at
room temperature. The synthesis and characterizations of complex 1 and compound 3 were
reported elsewhere.26
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The complexes/compounds (0.5 mM) and supporting electrolyte (0.1 M) were weighed out
into the electrochemical cell and brought into a N2-filled glovebox together with the threeelectrodes. Inside the glovebox, the solvent DCM was added to the cell and the whole ECL
system was assembled and sealed tightly. The solutions used for PL measurements were
0.07 mM in a cuvette which were diluted 7 times from the ones for ECL. The cuvette was
also sealed tightly in the glovebox. To add DMF with the same molarity (0.5 mM) as the
complex and compound, a stock solution of DMF in DCM (volume concentration = 10%)
was prepared, followed by which 1.2 µL of the stock solution was added to the
electrochemical cell.
For ECL spectroscopy, the electrochemical cell was placed above a spectrograph with a
grating of 50 lines/mm blazed at 600 nm (Acton 2300i, Teledyne Princeton Instruments,
Trenton, NJ), which was coupled with a CCD camera (Model DU401-BR-DD-352, Andor
Technology, UK). The camera captured ECL spectra in the Andor Technology program.
To acquire the spooling ECL spectra,27 the exposure time and the number of kinetic series
were adjusted accordingly in the Andor Technology program. Prior to the spectroscopy
measurement, the CCD camera was cooled down to -65 ℃ and then calibrated with a
mercury-argon source (HG-1, Ocean Optics, Orlando, FL).
Once ECL experiments were completed, Fc as a potential internal reference was added to
the system to calibrate the applied potentials to standard hydrogen electrode (SHE, EFc+/Fc0’
= 0.40 V vs. SHE in DCM).28 The other ECL apparatus and their preparation processes, the
ECL instrumentation, and the ECL efficiency determination method remain the same as
the ones introduced in section 2.2.

4.2.3

Results and Discussion

The electrochemistry behaviors of 1, 3, and 1•3 were investigated by cyclic
voltammograms (CVs). Complex 1 displayed four oxidation waves at 0.58, 0.89, 1.22, 1.46
V and no reduction events as seen in the red curve in Figure 4.17, while 3 demonstrated
neither oxidation nor reduction during a CV scan (Figure 4.18A). However, when 1 and 3
were mixed in a 1:1 stoichiometric ratio, the mixture 1•3 was reduced at -1.45 V as
illustrated in the blue curve of Figure 4.17 while exhibiting similar oxidation behaviors as
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1. Since this new reduction wave did not belong to either 1 or 3, it is plausible that a new
species, 1•3 was produced when 1 and 3 were mixed together. According to the previous
report,26 complex 1•3 is formed through H-bonding interactions whose association
constant was determined to be 4.3×103 M-1. To further demonstrate that this hydrogenbonded assembly exists, DMF, which is usually a substitute to destroy the original Hbonding interaction, was added to the electrochemical cell with the same molarity as 1•3
(0.5 mM). As depicted in the green curve of Figure 4.17, the reduction of 1•3 was
significantly weakened indicating that 1•3 with DMF outcompetes the intrinsic H-bonding
interaction between 1 and 3. However, none of 1, 3 and 1•3 display appreciable ECL
signals in the annihilation ECL pathway (Figure 4.18). No ECL spectroscopy could be
acquired due to the extremely low ECL intensity.

Figure 4.17. CVs of 0.5 mM 1 (red), 1•3 without DMF (blue), and 1•3 with 0.5 mM DMF
(green) acquired in DCM with TBAPF6 as the supporting electrolyte at a scan rate of 0.1
V/s.
To improve their ECL performance, 5 mM of BPO was added as a co-reactant to the
electrochemical cell. Figure 4.19A and 4.20A display the CVs with their corresponding
ECL-voltage curves of 1/BPO and 3/BPO, respectively. Complex 1 showed 19 nA ECL
intensity (Figure 4.19A) while 3 demonstrated a stronger ECL signal of 140 nA (Figure
4.20A), which indicated that in the absence of an intrinsic reduction event, both 1 and 3
were nonetheless able to emit ECL with BPO. In fact, both 1 and 3 have the same ECL
mechanism in the presence of BPO. Taking 1 as the example, an ECL mechanism in co-
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reactant route with BPO is proposed as illustrated in Figure 4.21A: BPO was reduced when
negative potentials were applied to produce the BPO radical anion BPO∙-, followed by
which a strong oxidizing agent benzoyl radical PhCO2∙ was generated. Such an oxidizing
agent PhCO2∙ could then oxidize 1 to form its radical cation 1∙+, which would react with
the BPO radical anion BPO∙- and generate excited states 1* to exhibit ECL. Through the
above mechanism, both 1 and 3 can show ECL in the presence of BPO without being
reduced themselves. It should be emphasized that 3 was more difficult to be oxidized by
the benzoate radical PhCO2∙ than 1, since the ECL onset potential of 3 was located at -1.45
V, which is more negative than 1 (-0.80 V).

Figure 4.18. CVs with the corresponding ECL-voltage curves of 0.5 mM (A) Compound
3, (B) Complex 1, (C) Complex 1•3 without DMF, and (D) Complex 1•3 with DMF.
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Figure 4.19. CVs with the corresponding ECL-voltage curves of 0.5 mM Complex 1 (A)
without and (B) with DMF in the presence of 5 mM BPO as co-reactant.

Figure 4.20. CVs with the corresponding ECL-voltage curves of 0.5 mM Compound 3 (A)
without and (B) with DMF in the presence of 5 mM BPO as co-reactant.
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Figure 4.21. ECL mechanisms in 1/BPO and 1•3/BPO co-reactant systems. (A) Without
the reduction of ECL luminophore. (B) With the reduction of ECL luminophore.
BPO was also added to 1•3 and the CVs with ECL-voltage curves are depicted in Figure
4.22A. As seen in the grey curve, the ECL of 1•3/BPO system onset at -1.3 V and
approached to its peak value of 160 nA. Because of the presence of its reduction, 1•3
exhibits ECL with BPO via the common mechanism as seen in Figure 4.21B. At negative
potentials, both BPO and 1•3 were reduced to generate their radical anions BPO∙- and
[1•3]∙-, respectively. Then benzoyl radical PhCO2∙ was formed from BPO∙- to oxidize
[1•3]∙-, producing the excited states [1•3]* and emitting photons.

Figure 4.22. CVs with the corresponding ECL-voltage curves of 0.5 mM 1•3 (A) without
and (B) with DMF in the presence of 5 mM BPO as co-reactant.
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Understanding that the formation of 1•3 was a consequence of the H-bonding between 1
and 3, we then added DMF to the co-reactant ECL systems. It can be observed that 1•3
demonstrated weaker ECL of 65 nA with DMF (Figure 4.22B) than without DMF (160
nA, Figure 4.22A). To further study such behavior, 0.5 mM DMF was also added to 1 and
3, and their CVs with the ECL-voltage curves are illustrated in Figure 4.19B and Figure
20B, respectively. The ECL intensity of 1 did not obviously change upon addition of DMF,
while the one of 3 decreased to 43 nA in the presence of DMF. The factor of DMF to
decrease ECL intensities of 3 and 1•3 in the co-reactant ECL pathway will be further
discussed in the next sections.
Figure 4.23A and 4.23B show the accumulated ECL spectra of 1 and 3 acquired within one
CV scan in the presence of 5 mM BPO, respectively. Compared with the PL spectra in
Figure 4.24, the ECL peak wavelength of 1 was red shifted from 491/525 nm (PL) to 575
nm (ECL), while the ECL peak wavelength of 3 was located at 680 nm (a 260 nm red shift
from the PL). Based on the these observations, it can be concluded that dimer excited states
were produced during their ECL processes, displaying longer emission wavelengths than
their monomeric excited states in PL. Due to its size and structure, that may be hard to form
the excimer [1•1]. It is therefore more plausible that an exciplex [PhCO2∙•1]16 could be
generated between the radical cation 1∙+ and the benzoyl radical PhCO2∙, both of which are
illustrated in Figure 4.21A. The small red shift from 491/525 nm to 575 nm (<100 nm)
provides evidence that the dimer excited states in the ECL process of 1 did not significantly
change the conjugation system, and it is most likely the result of emission from the exciplex
[PhCO2∙•1] rather than the excimer [1•1]. In contrast, 3 is sufficiently small and planar for
a p-stacked dimer excimer, [3•3], to form, evidenced by the significant 260 nm red shift
from its PL data (420 nm) to ECL (680 nm). It should be noted that the supporting
electrolyte TBAPF6 did not have any effect on the H-bonding interaction of 1•3, as
demonstrated by the identical PL performance in Figure 4.25A.
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Figure 4.23. Accumulated ECL spectra of 0.5 mM (A) 1 and (B) 3 in the presence of 5
mM BPO as co-reactant.

Figure 4.24. PL spectra of 1 (red), 3 (purple), and complex 1•3 (green) in DCM.
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Figure 4.25. (A) Normalized PL spectra of Complex 1, Compound 3, and Complex 1•3 in
DCM with (grey dashed curves) and without (red, purple and green curves) TBAPF6 in the
absence of DMF. (B) Normalized PL spectra of Complex 1, Compound 3, and Complex
1•3 DCM in the presence of 0.5 mM DMF.
Complex 1•3 demonstrated a complex ECL emission as seen in Fig. 4.26A, which could
be deconvoluted by curve fitting into two emissions: 575 nm, which corresponds to the
peak wavelength of [PhCO2∙•1] exciplex (red) and 680 nm that belongs to [3•3] (purple).
It is noteworthy that during the ECL of 1•3, the emission at 575 nm was stronger than the
680 nm emission, although the ECL intensity of [3•3] itself was higher than [PhCO2∙•1]
alone. With the 1•3 H-bonding equilibrium at play, it is plausible that the ECL at 575 nm
was emitted not only by [PhCO2∙•1] but also by species related to 1•3. Given that PhCO2∙
could interact with the active sites on complex 1 to form [PhCO2∙•1], it is most likely that
PhCO2∙ could also interact with the structure of 1 on 1•3, forming a more complex
“exciplex” of benzoyl radical PhCO2∙ and 1•3, [PhCO2∙•1•3]. Since PhCO2∙ was linked
with the active sites on 1 for both cases, we posit that two coexisting species, [PhCO2∙•1]
and [PhCO2∙•1•3], emitted ECL at the same wavelengths of 575 nm although it can not
be ruled out that [PhCO2∙•1•3] also exhibited ECL at another wavelength where 3
contributed.

108

Figure 4.26. Accumulated ECL spectra of 0.5 mM 1•3 (A) without and (B) with DMF in
the presence of 5 mM BPO as co-reactant.
Since [3•3], [PhCO2∙•1], and [PhCO2∙•1•3] are all present in the 1•3/BPO system, with
[3•3] excimer showing ECL at 680 nm, while the latter two species having ECL emission
peaks at 575 nm, the structure of PhCO2∙•1 played a key factor. It is also worth noting that
with the O atoms in their structures (BPO, PhCO2-, and PhCO2∙) could affect the H-bonding
equilibrium in 1•3, giving rise to free molecules of 1 and 3 and thus the emissions of
[PhCO2∙•1] and [3•3] can be observed. This also explains why the ECL performance of
1•3 (Figure 4.22A) is not significantly improved as was expected: only 160 nA was
detected, and much lower compared to many other ECL materials with BPO.14-16,28
To substantiate these conclusions, 0.5 mM DMF was once again added into each system,
and the ECL spectra of 1, 3 and 1•3 were depicted in Figure 4.27A, 4.27B, and Figure
4.26B, respectively. Obviously, the ECL emission wavelengths of all systems remained the
same as the ones without DMF (Figure 4.23 and Fig. 4.26A). However, ECL intensities of
3 and 1•3 both decreased, matching well with their ECL-voltage curves in Figure 4.20 and
Figure 4.22, respectively. Upon the addition of DMF, 3 could form H-bonding interaction
with DMF thus the formation of excimer [3•3] was inhibited during the ECL process, and
ECL intensity decreased. As for 1•3/BPO, upon the addition of DMF, the 1•3 H-bonding
interactions were perturbed and the ECL emission of [PhCO2∙•1•3] at 575 nm was
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weakened (Figure 4.26B) compared to the 1•3/BPO system without DMF in Figure 4.26A.
Such observations further substantiated that the 575 nm ECL emission was assigned to not
only [PhCO2∙•1] but also the [PhCO2∙•1•3] species based on H-bonding. However, with
BPO in the system, the newly formed “exciplex” species [PhCO2∙•1•3] might further
enhance the interaction between 1 and 3. In another word, such interaction may not be
limited to H-bonding anymore and can not be completely destroyed by DMF. One evidence
is that only a small decrease in the reduction current of 1•3 at -1.5 V was observed in the
CVs of Figure 4.22.

Figure 4.27. Accumulated ECL spectra of 0.5 mM (A) Complex 1 and (B) Compound 3
in DCM in the presence of 5 mM BPO as co-reactant with DMF.
Spooling ECL spectroscopy, developed by our group, provides additional insights into the
ECL processes.27 Compounds 1 and 3 displayed consistent ECL peak wavelengths at 575
nm (Figure 4.28) and 680 nm (Figure 4.29), indicating the same excited states of each of
exciplex [PhCO2∙•1] and excimer [3•3], respectively. Figure 4.30 illustrates the spooling
ECL spectra of 1•3. As seen in Figure 4.30A, the ECL emissions at low potentials starting
from -0.86 V only displayed one ECL peak at 575 nm (red, an example was provided in
Figure 4.30B) assigned to exciplex [PhCO2∙•1]. This is because at such low potential, only
1 is oxidized by the benzoyl radical PhCO2∙ to form [PhCO2∙•1]. However, when the
potential was scanned to -1.42 V, 3 became oxidized by PhCO2∙, and excimer [3•3] was
produced, showing its ECL emission at 680 nm (purple trace, provided in Figure 4.30C).
Simultaneously, 1•3 was reduced at -1.45 V in the vicinity of the working electrode to
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produce the complex exciplex [PhCO2∙•1•3], emitted ECL at 575 nm. With the applied
potentials becoming more negative, more BPO was reduced to generate PhCO2∙ that could
then oxidize 3. As a result, the 680 nm ECL feature became more dominant than that at
less negative potentials.

Figure 4.28. Spooling ECL spectra of 0.5 mM Complex 1 in the presence of 5 mM BPO
as co-reactant in (A) 3D vision and (B) 2D vision.

Figure 4.29. Spooling ECL spectra of 0.5 mM Compound 3 in the presence of 5 mM BPO
as co-reactant in (A) 3D vision and (B) 2D vision.
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Figure 4.30. (A) Spooling ECL spectra of 0.5 mM complex 1•3 in the presence of 5 mM
BPO as co-reactant. (B) ECL spectrum at -1.34 V and (C) ECL spectrum at -1.50 V.

4.2.4

Conclusions

Here we explored the ECL pathways for H-bonding complex 1•3. In the annihilation ECL
route, a new reduction of 1•3 was observed, even though neither 1 nor 3 showed any
evident reductions themselves. As expected, the addition of DMF destroyed the H-bonding
interactions and significantly weaken this reduction event. With BPO as a co-reactant to
enhance their ECL performance, 1•3 demonstrated a different ECL mechanism from 1 and
3. PL and ECL spectroscopies revealed the formation of exciplex [PhCO2∙•1] and excimer
[3•3]. Moreover, benzoyl radical PhCO2∙ could also react with the active site on 1 of the
H-bonding complex 1•3, producing the “exciplex” structure [PhCO2∙•1•3] and generating
the same ECL emission as [PhCO2∙•1] as revealed by spooling ECL spectroscopy. Our
studies provide an example of the insights into the ECL process of emissive and strongly
interacting H-bonding complexes.
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4.3 Anion Enhanced ECL of a Bisindolylpyrrole Derivative
via H-Bonding†††
In this section, anion-enhanced ECL of a bisindolylpyrrole compound, BIPPD via
hydrogen bonding interactions is demonstrated for the first time. BIPPD with a structure
containing two indole groups and pyrrolo[3,4-c]pyrrole-1,3(2H,5H)-dione was designed
and synthesized to induce the enhanced photoluminescence (PL) and ECL emission based
on hydrogen bonding interactions after doping H2PO4-. Remarkably, the ECL efficiency
was discovered to increase up to 5.5-fold via such enhancement. In contrast, doping PF6was found not to form hydrogen bonds with the target molecule, and there was no
enhancement in the PL or ECL, as shown by 1H NMR, PL, and ECL spectra. Mechanistic
studies showed that the ECL processes were different with and without H2PO4- doping,
thus leading to the understanding of enhanced ECL efficiency. These bisindolylpyrrole
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derivatives will find applications in ECL and PL emission enhancements via controlled
hydrogen bonding interactions.
†††

This work by Jun Cheng1, Liuqing Yang1, Ruiyao Wang, James A. Wisner, Zhifeng

Ding, Hong-Bo Wang has been submitted as a research paper.

4.3.1

Introduction

Anion coordination via hydrogen bonding induces the appearance or removal of energy
levels between the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the anion receptor. This coordination can result in enhanced
fluorescence emission. Moreover, the hydrogen bonding between the anion and its receptor
can improve the overall rigidity of the complex, thus making non-radiative decay from the
excited states less probable. In turn, the fluorescence intensity increases.1 For example, Wu
and coworkers reported that a tetrakis(bisurea)-decorated tetraphenylethene (TPE) ligand
displays a large fluorescence enhancement in the presence of phosphate ions because of
the restricted intramolecular rotation (RIR) of TPE by anion coordination via hydrogen
bonding.2
Pyrrole derivatives (Figure 4.31A) are important heterocyclic compounds and are found in
numerous functional materials and natural products including in biological probes and
chemical sensors. For example, pyrroles and indoles have been extensively used as anion
receptors in the field of supramolecular chemistry.3,4 Bisindolylmaleimides have both
valuable pharmacological properties and potential applications as light-emitting
materials.5-8 The pyrrolo[3,4-c]pyrrole motif is frequently found in numerous bioactive
pharmaceutical ingredients.9 In addition, pyrrolo[3,4-c]pyrroles have been used for the
construction of high-performance small molecules and semiconducting polymers for
organic thin film transistors and organic photovoltaics.10-12 In this communication, we
report photochemistry and photoelectrochemistry of a specially designed bisindolylpyrrole
compound, bisindolylpyrrolo[3,4-c]pyrrole-1,3(2H,5H)-dione (BIPPD) that illustrate how
anions can be utilized to restrict its molecular motion and further enhance both PL and ECL
through strong hydrogen bonding interactions upon addition of H2PO4- anion.
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Figure 4.31. (A) Structures of some pyrrole derivatives (bisindolylmaleimide,
bisindolylpyrrole and bromodomain inhibitor containing pyrrolo[3,4-c]pyrrole); and (B)
synthesis route of the bisindolylpyrrolo[3,4-c]pyrrole-1,3(2H,5H)-dione. a: i) NaOH; ii)
Diluted HCl solution; iii) DCC, hexylamine, THF; iv) SOCl2, DMF. b: NBS, DMF. c:
Pd(PPh3)2Cl2,K2CO3, DMF:H2O=5:1(v/v).
construction of high-performance small molecules and semiconducting polymers for

4.3.2

Experimental Section

All reagents and solvents were purchased from commercial supplies and used without
further purification. 1H (400 MHz) and 13C (100 MHz) NMR spectra were recorded with
an AscendTM 400 MHz spectrometer (Bruker). 1H and 13C NMR spectra were referenced
relative to tetramethyl-silane (TMS) using the residual non-deuterated NMR solvent signal.
UV-vis absorption spectra were measured using a UV-1500 spectrophotometer (Macy
Instruments Inc., China). Fluorescence spectra were recorded using a FL 8500
Fluorescence Spectrometer (PerkinElmer). Cyclic voltammograms and ECL-voltage
curves were obtained using a ECL analyzer (HYZ-3002, Xi 'an HeYongzhong Electronic
Technology Co., Ltd., China) with a photomultiplier tube (PMT) held at 750 V. ECL
spectra was collected on an electrogenerated chemiluminescence spectrum system (ECLS-
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ML, FORTEC Technology (HK), Co., Ltd., China) with a grating of 121 l/nm blazed at
413 nm and an Andor CCD camera (Model DU401A-BR-DD, UK) cooled to 80°C.
UV-vis absorption spectra were measured using a UV-1500 spectrophotometer (Macy
Instruments Inc., China). Fluorescence spectra were recorded using a FL 8500
Fluorescence Spectrometer (PerkinElmer). Cyclic voltammograms and ECL-voltage
curves were obtained using a ECL analyzer (HYZ-3002, Xi 'an HeYongzhong Electronic
Technology Co., Ltd., China) with a photomultiplier tube (PMT) held at 750 V. ECL
spectra was collected on an electrogenerated chemiluminescence spectrum system (ECLSML, FORTEC Technology (HK), Co., Ltd., China) with a grating of 121 l/nm blazed at
413 nm and an Andor CCD camera (Model DU401A-BR-DD, UK) cooled to 80°C. All
electrochemical tests were performed using a three-electrode system including a glassy
carbon electrode (GCE) with 3 mm diameter and two Pt wires as counter electrode (CE)
and reference electrode (RE), respectively. The potential was calibrated by an internal
standard of ferrocene (Fc) for all electrochemical experiment to SCE.
Before each test, the glass electrochemical cell was immersed in a base bath (5 % KOH
isopropanol solution) for 4 hours, then to an acid bath (5% HCl aqueous solution) for same
time. The GCE was polished with 0.3 micron, 0.2 micron and 0.05 micron alumina slurries
successively until a mirror like surface finished. The GCE was then sonicated in 0.1 M
HNO3 solution, ultrapure water and dried with a stream of Ar gas. Further, polished GCE
was scanned in a 1 mM potassium ferricyanide solution containing 0.2 M potassium
chloride. When the scanning potential difference between the cathodic peak and the
corresponding anodic peak of [Fe(CN)6]3- + e- = [Fe(CN)6]4- less than 70 mV, the GCE was
ready for use. The CE and RE were sonicated with acetone, isopropanol, ultrapure water
for 2 min, respectively. Finally, these electrodes were dried at 120℃ and left to cool to
room temperature before experiment. In ECL studies, a solution containing approximately
1 mM of BIPPD, 0.1 M TBAP as the supporting electrolyte in 5 mL anhydrous acetonitrile
(MeCN) was added to the electrochemical cell. To reduce the impact of air, the assembly
process was completed in a glove box and the cell was sealed by a custom-made Teflon
cap to perform electrochemistry and ECL experiments.
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4.3.3

Results and Discussion

The target molecule BIPPD was synthesized by co-workers which is demonstrated in
Figure 4.31B. A single crystal was obtained from the chloroform solution of BIPPD
showing a coplanar structure in solid state according to the front and side views of the
determined crystal structure, as depicted in Figure 4.32. Actually, the two indole groups
could rotate feely in the solvent and luminescence efficiency might be low due to the nonradiative intramolecular motions. The near planarity between the maleimide backbone and
the symmetrical two indole groups with the “tail” of alkyl chain tip-tilted is determined to
be 35.2°, Figure 4.32B. The “tail” structure can not only improve the solubility of BIPPD
in less polar solvents, but also effectively prevent close face-to-face intermolecular π-π
stacking.

Figure 4.32. (A) One conformer of BIPPD found within the unit cell in the solid state from
the single crystal X-ray structure. (B) Side views of one conformer of BIPPD found within
a unit cell of the determined crystal structure.
Phosphate recognition by synthetic anion receptors has flourished in recent years due to its
important roles in many biological and industrial applications. The large size of anionic
phosphates makes them less ideal point charges which diminishes their extent of
electrostatic binding efficiency. As such, designing anion receptors that can recognize and
bind phosphates are challenging but very desirable for synthetic and supramolecular
chemists. Figure 4.33A and 4.33B shows the 1H NMR spectra of BIPPD in the presence
and absence of tetra-n-butylammonium hexafluorophosphate (TBAPF6), respectively. The
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signals of H1-H7 are identical, thus indicating the negligible interaction between the PF6and designed compound BIPPD. Upon the addition of one equivalent of dihydrogen
phosphate anion (H2PO4-) in Figure 4.33C, the BIPPD+ H2PO4- system exhibits an obvious
chemical shift movement: The N-H signals of BIPPD (H6 and H7) disappear with the
simultaneous up-field movement of most BIPPD C-H signals (H2-H5) inverse to two
indole C-H signals (H1). These in 1HNMR are similar to the observations of dihydrogen
phosphate anion complexation with other receptors reported.13-16 From the above 1H NMR
results, it is plausible that the BIPPD has strong interactions with H2PO4- and negligible
interactions with PF6- anion. These interactions are likely to be the hydrogen bond between
BIPPD and H2PO4-; both are good hydrogen bonding donors and acceptors according to
anion receptor chemistry.17-19

Figure 4.33. Stacked partially 1H NMR spectra of complex (A) BIPPD with one equivalent
PF6- , (B) BIPPD, and (C) BIPPD with one equivalent H2PO4- in chloroform.
Figure 4.34A shows the PL spectra of BIPPD (black curve), BIPPD with one equivalent of
H2PO4- (red curve), and BIPPD with one equivalent of PF6- (purple curve) in
chlorobenzene. The PL intensity of BIPPD upon the addition of H2PO4- in chlorobenzene
(red curve) is clearly enhanced versus the absent system (black curve). Considering the

121

disappearance of BIPPD N-H signals in 1H NMR spectrum after adding one equivalent of
H2PO4-, it is demonstrated that there were hydrogen bonding formations between the N-H
of BIPPD and the anion of H2PO4-. The shape of the three N-H interaction sites on BIPPD
with H2PO4- is like a clamp: it restricts the intramolecular rotations of two indole groups,
thus rigidifies the configuration of BIPPD to reduce the energy loss of non-radiative
processes of the photoinduced excited states, which in turn increases the PL intensity.

Figure 4.34. PL spectrum of BIPPD in chlorobenzene (1 x10-5 mol/L, black curve) and
BIPPD with one equivalent of H2PO4- (1 x10-5 mol/L, red curve) or PF6- (1 x10-5 mol/L,
purple curve) in chlorobenzene solution excited at 390 nm, respectively; (B) PL spectrum
of BIPPD (gray, dash line) and BIPPD with one equivalent of H2PO4- (blue, dash line) in
film excited at 390 nm, respectively.
The PL of BIPPD upon the addition of one equivalent of PF6- was also studied for
comparison. The PL intensity remained almost constant after adding PF6- (purple curve;
Figure 4.34A). This confirms the absence of hydrogen bonding between PF6- and BIPPD
revealed by the 1H NMR spectra in Fig. 4.33. The indole groups on both sides of the
precursor might rotate freely, which may cause low luminescence efficiency due to nonradiative processes. Hydrogen bonding interactions are a reliable way to rigidify this
molecule in view of the three imine groups, which are good hydrogen bonding donors. The
1

H NMR, UV-visible absorption, and PL emission spectra suggest strongly that the induced

emission PL enhancement of BIPPD added with H2PO4- is due to hydrogen bonding
forming a new complex between BIPPD and H2PO4-. This complex could rigidify the
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configuration of BIPPD by hydrogen bonding interaction and limit the non-radiative
process.
Photophysical properties of films of BIPPD and BIPPD/H2PO4- systems were
investigated to further study the PL enhancement of BIPPD. The PL spectrum in Figure
4.34B shows that BIPPD in neat film has a very broad PL emission band with one emission
peaks at 560 nm (gray, dash line). The emission was enhanced about nine-fold and blueshifted about 70 nm after being added with one equivalent of H2PO4-. This blueshift of PL
spectrum of BIPPD films before and after the introduction of H2PO4- proves that there may
be a new configuration of BIPPD after H2PO4- is added when a film is immobilized to a
substrate via spin-coating. In addition, the PL spectrum of BIPPD film (gray, dash line in
Figure 4.34B) is red-shifted and broadened relative to that of BIPPD in chlorobenzene
(black, Figure 4.34A) due to the potential formation of aggregates of BIPPD via π-π
stacking. Because there is more energy loss of BIPPD in neat films than in solutions.
Furthermore, the PL spectra of BIPPD/H2PO4- system in solutions and in films overlapped
well with each other. It is plausible that the configurations of BIPPD mixed with H2PO4are the same in solution and in film, and both achieve higher PL emission due to hydrogen
bonding interactions.
Theoretical geometry minimizations on the receptor BIPPD binding with H2PO4- were
provided by coworkers to understand the binding structures of BIPPD/H2PO4- that lead to
the PL enhancement. The twisted structure of BIPPD in Figure 4.35 was rigidified through
hydrogen bonding interaction of the pyrrole and two indole NH groups and the anion
oxygen acceptors; two oxygen atoms of H2PO4- would restrict the rotations of two indole
moieties to reduce the loss of nonradiative energy. This binding geometry could explain
why the PL of BIPPD was enhanced with addition of H2PO4-. The configuration of BIPPD
in the presence of H2PO4- is different from the single crystal structure of BIPPD where the
orientation of the indole groups is flipped horizontally to engage the much stronger indole
NH hydrogen bond donors instead of the CH groups at the 3-positions. This change could
also be the interpretation of the 70-nm difference in emission wavelengths of BIPPD in
films before and after H2PO4- is introduced. The configuration could restrict the rotation of
indole groups via hydrogen bonding between BIPPD and H2PO4-. The correlating emission

123

wavelengths for the BIPPD/H2PO4- system in solution and in film confirmed this
conclusion.

Figure 4.35. Energy minimized (HF 6-311+G**) structure of BIPPD·H2PO4-. The indole
NH···H2PO4- distances are 2.88 and 2.80 Å; the pyrrole distance NH···H2PO4- is 2.86 Å.
Cyclic voltammetry (CV) measurements in acetonitrile solution containing 0.1 M TBAPF6
were used to investigate the electrochemical performance of both undoped and doped
BIPPD with a potential window between −2.30 to 2.50 V vs. SCE at a scan rate of 0.1 V/s.
When the potential of undoped BIPPD was scanned negatively from 0 V (black dash CV
curve), the undoped BIPPD underwent three reductive reactions at −1.72 V, −1.96 V, and
−2.16 V on the cathode (Figure 4.36). In the anodic scan from 0 to 2.5 V, three oxidation
waves were observed to produce radical cations at 0.89 V, dications at 1.36 V, and radical
trianions at 2.18 V, respectively.
The CVs suggested that BIPPD was reduced and oxidized three times continuously to
produce BIPPD.-, BIPPD2-, and BIPPD.3- in cathodic region as well as BIPPD.+, BIPPD2+
and BIPPD.3+ in anodic region successively. For the second cycle, the ECL onset potentials
located at -2.10 V and 1.78 V in cathodic and anodic regions, respectively, corresponding
well to the third reduction and third oxidation reactions of the BIPPD. The mechanism is
illustrated in Figure 4.37A: One electron was transferred from BIPPD.3- to BIPPD to
produce two equivalent BIPPD2- at the cathode, and from BIPPD to BIPPD.3+ to generate

124

two equivalent BIPPD2+ at the anode.20 However, electron transfer further occurred when
the dianion or dication was formed. Here, one electron in the LUMO of the dianion was
transferred to the LUMO of a neutral BIPPD producing two radical anions, or one electron
in the HOMO of a neutral BIPPD was transferred to the HOMO of the dication to generate
two cations. Finally, the electrogenerated BIPPD.- and BIPPD.+ meet together to react with
a single electron transferred from the BIPPD.- HOMO to the BIPPD.+ HOMO, thus forming
an excited species of BIPPD* that returned to the ground state, leading to luminescence
as outlined in Figure 4.37A. This result suggests the BIPPD radical trications and trianions
play a pivotal role in the ECL emission. The corresponding ECL-voltage curves of BIPPD
(red dash curve) showed ECL signal 102 a.u. and 191 a.u. both at cathodic and anodic
peaks. This is attributed to the short lifetime of unstable reductive and oxidative radicals
of BIPPD.

Figure 4.36. CV and corresponding ECL voltage curve of 1 mM BIPPD doped with seven
equivalents of H2PO4- in anhydrous acetonitrile with 0.1 M TBAP as the supporting
electrolyte at a scan rate of 0.1 V/s.
Upon introduction of H2PO4-, all reduction and oxidation peaks were shifted slightly
toward the centre potential of 0 V from both sides (black CV curve, Figure 4.36). This
means that the combination of BIPPD with H2PO4- anion can improve the easiness of redox
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reactions due to the hydrogen bond formation. Furthermore, the ECL intensity was
enhanced greatly from 101 a.u. to 1039 a.u. at the second reductive peak of the cathode
when optimized seven equivalents of H2PO4- were doped. The ECL efficiency relative to
Ru(bpy)32+ was improved 5.5 folds from 0.2% to 1.1%. This ECL enhancement is due to
hydrogen bonding interactions between BIPPD and H2PO4- that rigidifies the molecule and
reduces the energy loss of non-radiative processes in view of three imine groups and the
H2PO4- anion (good hydrogen bonding donor and acceptor, respectively). On the contrary,
there is no enhancement in ECL intensity in the anodic region. The different results for
ECL in the cathode and anode regions indicated that the radical anion of BIPPD doped
with H2PO4- is less stable than its radical cation.
As seen in the ECL-voltage curves of BIPPD/H2PO4- in Figure 4.36, the ECL onsets at the
second reduction reaction. This implies that in the ECL process of BIPPD doped with seven
equivalents of H2PO4-, a new BIPPD dianionic complex, BIPPDAC was formed based on
hydrogen bonding interactions. The ECL behaviour of BIPPDAC was different from the
one in the undoped system of BIPPD. The reactivity of the BIPPDAC2- was improved upon
the introduction of H2PO4- anion to BIPPD. Thus, one can produce ECL without the
involvement of BIPPD.3-.

Figure 4.37. Proposed ECL mechanism of (A) BIPPD and (B) BIPPDAC system.
Figure 4.37B shows a proposed mechanism of 1 mM BIPPD doped with seven equivalents
of H2PO4- in acetonitrile containing 0.1 M TBAPF6 as the supporting electrolyte scanned
between -2.30 to 2.50 V. This BIPPDAC was reduced only twice to produce BIPPDAC .and BIPPDAC2- in the vicinity of electrode. The dianion would then react with a neutral
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BIPPDAC to obtain two radical anions BIPPDAC.-. In the cathodic region, the oxidation
process of BIPPDAC was similar to the oxidation route of BIPPD and it produced
BIPPDAC.+. Ultimately, the BIPPDAC.- and BIPPDAC.+ produced at the cathode and the
anode meet together to react, with a single electron transferred from the HOMO of
BIPPDAC.- to the HOMO of BIPPDAC.+. They then formed the excited species of
BIPPDAC*, which returned to the ground state and produced ECL.
The ECL generated during potential dynamic scans are not strong enough for acquiring an
ECL spectrum. Potential pulsing method can reduce the time interval between radical
generation to enhance ECL. A potential pulsing experiment was carried out for 300 s in 1
mM BIPPD solution doped with seven equivalents of H2PO4-. The applied potential was
pulsed between -2.30 and 2.50 V at a frequency of 10 Hz and an ECL emission spectrum
was acquired during this time period as displayed in Figure 4.38. The peak wavelength was
determined to be 490 nm. The maximum ECL emission wavelength remains unchanged
versus the PL spectrum of BIPPD doped with H2PO4- in solutions or in films (Figure 4.34).
As a result, it is plausible that the excited state species produced in both PL and ECL are
the same and both are monomeric excited states. Based on this observation, we suggest that
H2PO4- could interact with BIPPD to form a characteristic configuration BIPPDAC by
hydrogen bonding interactions to play a critical role in the PL and ECL processes.
It should be noted that such ECL enhancement of BIPPD via hydrogen bonding is only
observed in annihilation ECL route. When BPO is added as a co-reactant, the hydrogen
bonding between BIPPD and H2PO4- is killed by the BPO and its related species, thus ECL
in such co-reactant ECL pathway is not enhanced. These observations match well with our
conclusion drew in section 4.2.
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Figure 4.38. ECL emission spectrum of BIPPDAC in annihilation mechanism during a
potential pulsing experiment for 300 s.

4.3.4

Conclusions

In summary, a bisindolylpyrrole derivative BIPPD was designed for ECL application. The
PL enhancement was observed upon addition of H2PO4- anions to interact with BIPPD via
hydrogen bonding between the NH groups of the indole/pyrrole heterocycles and H2PO4-.
The ECL was also significantly enhanced by the H2PO4- addition, approaching a relative
ECL efficiency of 1.1% which is 5.5-fold higher than undoped BIPPD. The hydrogen
bonding between anion H2PO4- and target molecule BIPPD may rigidify the configuration
and restrict the motions of peripheral groups to reduce the loss of nonradiative energy, thus
greatly improving the PL and ECL performance. Nevertheless, this mechanism of
producing PL and ECL via the introduction of anions such as H2PO4- to form hydrogen
bonds is a new strategy to design and synthesize highly efficient ECL materials
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Chapter 5

5

Enhanced ECL of Silole Compounds: Restriction of
Intramolecular Rotation

This chapter will discuss enhanced ECL of silole compounds via the mechanism of
restriction of intramolecular rotation as introduced above in section 4.3. In section 5.1, ECL
efficiencies of eight thiophene-containing silole chromophores are determined, and it has
been found that the extended -conjugated systems and donor groups of the silole emitters
mainly affect their ECL performances. In section 5.2, crystallization-induced emission
enhancement of ECL are discussed towards two benzosiloles. Both sections have been
either published or submitted as research papers.

5.1 Correlating Structures to ECL Efficiencies of Silole
Compounds in Co-reactant Systems†
To develop efficient electrochemiluminescence (ECL) of activated silole chromophores,
the relative ECL efficiencies of eight thiophene-containing compounds were firstly studied
in co-reactant pathway. By means of cyclic voltammetry, potential pulsing, ECL
measurements and photophysical technologies, these silole derivatives for ECL application
were explored by measuring radical stability, radical reactivity, emission stability, ECL
efficiencies and ECL spectra. The extended -conjugated systems and donor groups of the
silole emitters affect both the radical stability and emission efficiencies. It is found that the
1,1-Di-tert-butyl-2,5-bis[(2,2'-bithiophen)-5-yl]-3,4-diphenylsilole (2c) compound with
benzoyl peroxide (BPO) as a co-reactant exhibits the highest relative ECL efficiencies
among these studied systems due to its structural properties. This work provides a guidance
for structural modification of silole compounds to tune ECL performance.
†

This work by Xiaoli Qin1, Liuqing Yang1, Xin Wang, Darshil Patel, Kenneth Chu,

Lindsay Kelland, Jonathan Ralph Adsetts, Congyang Zhang, Mark Steven Workentin,
Brian L. Pagenkopf, and Zhifeng Ding has been accepted by “ChemElectroChem” for
publication as a research paper.
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5.1.1

Introduction

Electrogenerated chemiluminescence or electrochemiluminesence (ECL), as a powerful
analytical method, has been widely used in various applications due to its broad detection
range and high sensitivity.1-5 Actually, ECL depends on the high-energy species
electrogenerating at electrode surface, which can undergo an electron transfer reaction to
form an excited state emitting light.6-10 ECL Luminophores, as the electronic-to optical
transducers, are the most important part of ECL systems. Until now, various types of
luminophores have been studied, such as ruthenium(II)tris(2,2-bipyridyl) (Ru(bpy)32+) and
its derivatives, luminol and its derivatives, and nanomaterials.11-16 For example, Xu’s group
firstly synthesized a cyclometalated iridium(III) complex to construct a sensitive ECL
biosensor for microRNA assay.17 Wang et al used a self-luminescent lanthanide metalorganic framework as an ECL signal probe in an ECL immunoassay of Cytokeratins211.18 However, developing new luminophores has always been in great demand.
-conjugated compounds containing silole rings have attracted attention in these years due
to their unique electronic and photophysical properties in the fields of light-emitting diodes
and ECL.19-21 As one kind of silole scaffold, the thienyl-containing silole with a donoracceptor structure has been proved by our group that it possesses high stability of the
radical cations and ultimately improved ECL efficiency.22 The synthesis of the efficient
electrontransporting

silole

chromophores,

1,1-dimethyl-2,5-bis(2-thienyl)-3,4-

diphenylsilole (1a), 1,1-dimethyl-2,5-bis[(2,2’-bithiophen)-5-yl]-3,4-diphenylsilole (2a)
and their derivatives (1b-d and 2b-d, Figure 5.1), were reported in our previous publication,
and the ECL efficiencies relative to 9,10-Diphenylanthracene (DPA) in annihilation
systems were determined.22 However, the ECL behaviors in co-reactant systems from these
silole compounds with co-reactant have not been studied.
Bard’s group measured the absolute ECL efficiency of Ru(bpy)32+ in the annihilation
pathway by a photodiode and actinometry using a rotating ring-disk electrode in 1973.23
Until now, most of ECL efficiencies have been calculated relative to 5% Ru(bpy)32+ or
9.10,-diphenylantracene (DPA) ECL efficiency under similar conditions.24,25 Considering
the incompatible ECL systems and nonstandardized experimental conditions, a
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measurement of absolute ECL efficiency is anticipated to be a meaningful method for ECL
research.26-28
In this work, we investigate the ECL mechanisms and quantum efficiencies of eight silole
derivatives in the co-reactant systems to obtain the enhanced ECL performance.
Electrochemical, ECL and spectra measurements were explored for the stabilities of
generated radical cations and anions, the ECL mechanisms and the influences of silole
structures on ECL efficiencies. Based on experimental data, the 2c/BPO system was found
to present the highest relative ECL efficiency among these systems because it possesses a
unique structure to enhance ECL. The absolute ECL quantum efficiency of 2c with BPO
was also determined.

Figure 5.1. Chemical Structures of silole emitters studied.

5.1.2

Experimental Section

Anaerobic and anhydrous DCM (99.8%), chloroform (99%), hexane (99%), DPA
(97%), BPO (≥98%), TBAPF6 (≥99.0%) and ferrocene (Fc, 98%) were all purchased
from Sigma-Aldrich (Canada).
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Silole compounds 1, 2, 3 and 4 were synthesized as we reported elsewhere.22 Single crystal
of 1c was grown as fluorescent needles from a concentrated chloroform solution by slow
diffusion of hexane. Suitable specimen was mounted on a glass fiber for data collection
and the X-ray diffraction intensity data were recorded on a Nonius Kappa-CCD
diffractometer. Hydrogen atom positions were calculated geometrically and were included
as riding on their respective carbon atoms. Two conformers (50:50) were found in the
asymmetric unit of a single crystal.
ECL experiments were carried out in a 0.2 mM silole solution in DCM with 0.1 M TBAPF6
as the supporting electrolyte. A Pt disk electrode (d=2 mm) was used as the working
electrode and two Pt coils were used as reference and counter electrodes. The other ECL
apparatus and their preparation processes, the ECL instrumentation, and the ECL efficiency
determination method remain the same as the ones introduced in the section 4.1.2.

5.1.3

Results and Discussion

The electrochemical and ECL behaviors of 2c/BPO was firstly investigated. Figure 5.2
shows the ECL-voltage curves corresponding to the cyclic voltammograms (CV) of 0.2
mM 2c with (A)/without (B) 5 mM BPO in dichloromethane (DCM) solution containing
0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte.
The ECL-voltage curve in Figure 5.2A displays that the maximum ECL intensity of 2c
with 5 mM BPO is 7 A, which is 2000-fold enhanced in comparison with that (3 nA) in
its annihilation pathway, Figure 5.2B. 2c underwent the first oxidation at 0.73 V to become
a radical cation and lost the second electron at 0.87 V to form its dication. During the
reduction pocess, two cathodic peaks adding up to a large cathodic peak were observed for
2c at around -1.80 V, which means that the silole ring sequentially gained two electrons to
generate radical anions and dianions simultaneously, which was very similar to the silole
reduction reactions with potassium.29 The above observations agree very well with those
reported by us elsewhere.22 It should be noted that the silole dianions and silole in the
vicinity of the working electrode might react again to produce 2-fold radical anions. The
ECL generated only in the negative potential region in the annihilation pathway shown in
Figure 5.2B also proves that the radical anions are less stable than the cations, which in

135

accord with the corresponding quasireversible oxidation and irreversible reduction
reactions.

Figure 5.2. CVs with the corresponding ECL-voltage curves of 0.2 mM 2c with (A) and
without (B) 5 mM BPO as the co-reactant acquired in DCM at a scan rate of 100 mV/s.
As demonstarted in Figure 5.2A, the co-reactant BPO was reduced at a cathodic peak
potential of -1.20 V to generate BPO radical anion28 that easily decomposed into PhCOO•
and benzoate (Figure 5.3). When 2c was reduced to form 2c•− at around -1.80 V, the
PhCOO• as a strong oxidant can extract an electron from the HOMO of 2c•− to produce
excited state 2c, which then emitted ECL. The ECL enhancement from annihilation to coreactant route is because the strong oxidant of BPO is sufficient to oxidize the 2c•− to
provide more energy and generate more excited states than the annihilation pathway. The
whole ECL mechanism in co-reactant pathway with BPO is proposed in Figure 5.3.
Moreover, Tri-n-propylamine (TPrA) was used as a reducing co-reactant to enhance ECL.
It can be observed from Figure 5.4 that maximum ECL intensity of 2c with 5 mM TPrA is
12 nA, which is much less than that obtained in the BPO. The onset ECL of 2c/TPrA is
located at 0.20 V, which is far away from the first oxidation potential of 2c (0.73 V, Figure
5.2B). It demonstrates that TPrA is more easily oxidaized than 2c30 and the formation of
excited state on reaction of TPrA•+ with 2c depends on the reaction of TPrA• with 2c, so
the reactivity of TPrA• affects to produce ECL.
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Figure 5.3. ECL mechanisms of 2c with BPO as co-reactant.

Figure 5.4. CV with the corresponding ECL-voltage curves of 0.2 mM 2c with 5 mM TPrA
as the co-reactant acquired in DCM at a scan rate of 100 mV/s.
Spooling ECL spectroscopy was employed to study the kinetic of the ECL, which can
monitor the real-time ECL during a potential scan and observe the evolution and devolution
of the ECL.25,28 Figure 3 presents the spooling ECL spectra of 2c acquired with CV scan
upon addition of 5 mM BPO as the co-reactant, collecting with a potential cycle between 1.70 V and -2.0 V. Three distinguishable ECL features are displayed in these spectra,
including red (forward scan, from -1.70 to -1.93 V), blue (forward scan, from -1.93 to -
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1.93 V) and green (backward scan, from -1.93 to -1.70 V) districts. The shapes and peak
wavelengths during potential scans are constant in these three districts, reflecting that only
one excited state was generated under applied potentials. Around -1.80 V, the 2c was
reduced to generate the radical anion of 2c and then met PhCOO•− to produce the 2c and
PhCOO−, which emitted ECL (red spectra). When the applied potential scanned to the more
negative values, more 2c•− and PhCOO•− were generated to increase the 2c and result in
ECL (blue spectra). And then the ECL emission accomplished the maximum at -1.93 V.
At last, the ECL intensity decreased after the potential scanning in the reverse direction
because of the depletion of the BPO and 2c near the surface of electrode. The results match
with those in Figure 5.2A and support the mechanisms in Figure 5.3.

Figure 5.5. Spooling ECL spectra of 0.2 mM 2c with 5 mM BPO during a CV scan.
The UV–vis absorption study of 2a-d was carried out in DCM solution, which presented
evident component-dependent absorption. Figure 5.6 shows that the 2a and 2d exhibited
similar UV-vis absorption spectra to that of 2c with the major band observed at around 480
nm, and the absorption of 2b displayed slightly blue-shifted. As shown in Figure 5.7A, 2c
exhibits a strong photoluminescence (PL) emission with a peak wavelength of 588 nm and
the PL quantum yield was determined to be 3.5%. However, the ECL peak wavelength is
at 625 nm from the accumulation ECL spectra of 2c in the presence of BPO (Figure 5.7B),
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which is slightly redshifted relative to the corresponding PL values. The reason of the
difference between the ECL and PL emission is that the ECL experiment used more
concentrated solution, causing the increase of self-absorption, an interim absorption
effect.25

Figure 5.6. UV-Vis spectra of 2a, 2b, 2c and 2d in DCM solution.

Figure 5.7. (A) PL spectra and of 0.03 mM and (B) accumulated ECL spectra of 0.2 mM
2c with 5 mM BPO in DCM during a CV scan.
In comparison with the CV/ECL experiment, the potential pulsing/ECL experiment with a
pulse width of 0.1 s allows more 2c radical anions and benzoate radicals to collide and
generate excited states, leading to higher ECL. Figure 4 shows the potentials pulsing
experiment between 0 V and its ECL peak potentials (-1.9 V). This ECL response was 10-
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fold larger than the potentiodynamic scan in the co-reactant pathway in Figure 5.2A, due
to the short time interval for the radical species to meet and react.

Figure 5.8. The current-time with the corresponding ECL-time curves of 0.2 Mm 2c with
5 mM BPO as the co-reactant during a potential pulsing experiment at 10 Hz frequency.
Table 5.1. Relative ECL efficiencies of silole derivatives.
Siloles

ECL Efficiency (c.f. DPA/BPO)

2c

171%

2a

100%

2d

81%

2b

41%

1a

7.4%

1c

7.0%

1b

7.0%

1d

6.0%

DPA, as a well-known organic compound, presents a same order of magnitude diffusion
coefficient with that of Ru(bpy)32+.31,32 Thus, the ECL efficiency of 2c/BPO was
determined relative to DPA/BPO system with similar DPA and BPO concentrations under
the same conditions. Relative to DPA/BPO, 2c/BPO system displays a high ECL efficiency
of 171% (Table 5.1). Furthermore, the ECL efficiencies of other seven silole derivatives in
co-reactant system were also determined. Interestingly, the ECL efficiencies difference
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from 2a to 2d resemble more than from 1a to 1d. Firstly, the similar ECL efficiencies from
1a to 1b indicate that the substituent groups in these four silole compounds have relatively
little impact on ECL performance in the co-reactant pathway due to their small size for a
facile collision with BPO. Secondly, the relative ECL efficiencies of silole derivatives 2ad are obviously higher than those of 1a-d because of the coplanarity of silole and
bithiophenyl moieties. This was supported further in comparison of their crystal structures.
The X-ray crystal structure of 1c (Figure 5.9) reveals that the silole core and the two
thiophene groups are almost in the same plane for  conjugation, while the conjugated
system is further extended in the 2c due to its two flat bithiophenyl groups.22 Thus, the
relative ECL efficiencies from 2a-d are at least 6-fold higher than those from 1a-b due to
their further extended conjugated systems. Thirdly, the relative ECL efficiencies of 2a and
2c are higher than 2b and 2d. That is because small methyl groups of 2a decrease steric
hindrance, which results in a facile collision between 2a and BPO as well as a raised
electron transfer near the working electrode to improve the production of excited states.
Especially, 2c shows a higher relative ECL efficiency than 2a, 2b and 2d, because it
possesses extensive conjugated system and the bulky tert-butyl group restricts the
intromolecular rotation (RIR) of the thiophene rings, which promotes the radiative
transitions of excited states to enhance ECL via such RIR mechanism. Thus, the relative
ECL efficiency of 2c is the highest in these eight silole compounds.

Figure 5.9. X-ray single-crystal structure of 1c showing each of the crystallographically
independent molecules with 50% probability displacement ellipsoids. CCDC 2188618
contains the supplementary crystallographic data for this structure. These data can be
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obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
In addition, the stability and reactivity of radical ions are two important factors affecting
the ECL efficiency, which are not considered in the comparison with DPA, and the absolute
ECL efficiency in the co-reactant system has never been reported.26,27 Therefore, the
absolute ECL efficiency study of 2c with BPO was carried out in DCM solution. The
absolute ECL efficiency of this potential pulsing/ECL experiment in the co-reactant
pathway is 0.31% using eq. (2), which is 6-fold larger than that in the potentiodynamic
experiment (0.005%).

5.1.4

Conclusions

Herein, the relative ECL efficiencies of eight silole compounds were determined via coreactant processes with BPO. The results revealed the ECL emission mechanism and
demonstrated that the radical reactivity and stability were the key factors in the co-reactant
route during potentiodynamic experiment. When shortening the time intervals of radical
generation, the radical reactivity is the dominant that influences the ECL intensity and
efficiency. The spooling ECL spectra proved that kinetics of excited state formation and
subsequent emission mechanisms. Surprisingly, 2c has the highest relative ECL efficiency
using BPO as a co-reactant, which is the most suitable for ECL applications after
considering ECL intensity, ECL efficiency and radical stability. Because it possesses
unique structure of an extensive conjugated system and especially the bulky tert-butyl
groups restrict the intramolecular rotation (RIR) of the thiophene rings, which promotes
the radiative transitions of excited states to enhance ECL. Therefore, this work also
provides more significant insights into the silole/BPO ECL system and a guide to screen
silole compounds for ECL application.
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5.2 Benzosiloles with Crystallization-induced Emission
Enhancement of ECL††
Crystallization-induced emission enhancement (CIEE) was observed for the first time for
electrochemilunimescence (ECL) with two new benzosiloles. Compared with their
solution, the films of the two benzosiloles gave CIEE of 24 times and 16 times. The
mechanism of the CIEE-ECL was examined by spooling ECL spectroscopy, X-ray crystal
structure analysis, photoluminescence, and DFT calculation. This CIEE-ECL system is
clearly differentiated from well-established aggregation-induced emission enhancement
systems. Unique intermolecular interactions are noted in the crystalline chromophore. This
is the first time that a heterogeneous ECL system is established for organic compounds
with highly hydrophobic properties.
††

This work has been published in Liuqing Yang, Donghyun Koo, Jackie Wu, Jonathan

M. Wong, Tyler Day, Ruizhong Zhang, Harshana Kolongoda, Kehan Liu, Jian Wang,
Zhifeng Ding and Brian L. Pagenkopf, Eur. J. Chem., 2020, 26 (51), 11715-11721.
Reproduced by permission of John Wiley and Sons. See Appendix E.
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5.2.1

Introduction

Electrogenerated chemiluminescence (ECL), also known as electrochemiluminescence,
represents an important light-emitting process induced in the vicinity of working
electrodes.1 ECL can be produced via either the annihilation route (i.e., the recombination
of radical cations and anions of a luminophore) or the co-reactant route (i.e., an
electrochemical reaction between a luminophore radical and a suitable co-reactant).2 ECL
is increasingly employed in medical research, environmental monitoring, light-emitting
devices, etc.1-4 Because of its advantages such as ease of control, low detection limit, high
sensitivity, etc. Luminophores applied in an ECL system include organic molecules,5-7
inorganic complexes,8-10 and nanomaterials.11-13 Currently, the most commonly employed
ECL luminophore for different applications is ruthenium tris(2,2’-bipyridyl), i.e.,
Ru(bpy)32+. Additional ECL luminophores with good performance and low cost have
always been avidly desired.
Highly π-conjugated compounds containing silole rings (1-silacyclopentadiene)5, 14-16 have
been adopted for use in polymeric solar cells, electrochemiluminescent sensors, and lightemitting diodes.17-18 The unique photophysical properties of siloles arise from their lowlying LUMO due to the σ*–π* conjugation between the π* orbital of the butadiene moiety
and the σ* orbital of the two exocyclic σ-bonds on the silicon atom. Pagenkopf group
previously prepared 2,5-bis(arylethynyl)siloles and minimized non-emissive decay
processes by increasing the steric bulk on both the silicon atom and the 2,5-substituents to
improve photoluminescence (PL) quantum efficiency.14,

19

Similarly, we demonstrated

enhanced ECL from siloles by decorating them with 2,5-di(2-thienyl) substituents that are
rich in π-electrons and by strategic steric tuning at the silicon atom in section 5.1.7 After
these accomplishments, we chose to investigate 2-thienyl-benzo[b]siloles because (1) there
is a rising interest in fused silole materials and (2) benzosiloles are synthetically well
operable and expected, from theoretical calculations, to possess electrochemical properties
superior than previously reported siloles including ours.14, 20-24 We were hence intrigued if
we could improve the photoelectrochemical performance of benzosioles similarly with the
successful synthetic manipulation of steric and electronic properties previously applied to
enhance siloles.
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Tang found that some compounds are highly luminescent as aggregates/clusters but nonemissive or weakly emissive when molecularly dissolved in solution, and reported the
aggregation-Induced emission (AIE).25 The restriction of intramolecular motions such as
rotation and vibration gives rise to the AIE property of these special molecules.26 In a
related content, crystallization-induced emission enhancement (CIEE) was also later
reported by Tang27-29 for hexaphenylsiloles and some other compounds whose light
emission is remarkably stronger when they exist in the solid crystalline state compared
with their amorphous or solution state. CIEE is undoubtedly desirable for light-emitting
electrochemical cells, organic light-emitting diodes, etc., since the layer responsible for
light emission in these devices is usually a crystalline film. In fact, some reports adopted
heterogeneous ECL to improve analytical performance,5,13,30 but such a strategy is not
readily feasible for existing organic ECL chromophores whose solid films are extreme
hydrophobic and minimally wettable in aqueous systems but dissolve thoroughly in
organic solvents.
Herein we report two newly developed chromophores, i.e., 2-(2-thienyl)-benzo[b]silole
(4T1) and 2-(2,2'-bithiophen)-5-yl]-benzo[b]silole (4T2) (Figure 5.10) along with their
electrochemistry and ECL in both annihilation and co-reactant routes, with particular
emphasis on the notably enhanced photoluminescence (PL) and ECL of their crystalline
films thanks to CIEE.31 In fact, this is the first time that CIEE is observed for ECL. Our
CIEE-ECL

strategy

complements

aggregation-induced

electrochemiluminescence

(AIECL), a topic already summarized by Xu for various compounds.32

Figure 5.10. Structures of benzosiloles 4T1 and 4T2 (4T1:n=1, 4T2:n=2).
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5.2.2

Experimental Sections

4T1 and 4T2 were synthesized by coworkers. Anhydrous dichloromethane (DCM, 99.8%)
and acetonitrile (MeCN, 99.8%) in Sure/SealTM bottles were purchased from SigmaAldrich and stored in a N2 filled glove box. Tris(2,2’-bipyridyl)ruthenium(II)
hexafluorophosphate [Ru(bpy)3(PF6)2, 98%], benzoyl peroxide (BPO, 97%), and ferrocene
(Fc, 98%) were all obtained from Sigma-Aldrich (Mississauga, ON, Canada). Tetra-nbutylammonium perchlorate (TBAP, electrochemical grade) and tetramethylammonium
perchlorate (TMAP) were purchased from Alfa Aesar (Ward Hill, MA). TMAP was
recrystallized in the lab and dried in a vacuum oven. BPO was stored at 4 °C in a
refrigerator. All other chemicals were stored at room temperature.
A glassy carbon electrode (GCE, 3 mm diameter) was used as the working electrode and
two Pt wires were employed as the counter and reference electrodes. The potential window
during the experiments was calibrated to the standard hydrogen electrode (SHE) using
ferrocene/ferrocenium (Fc/Fc+) as the standard. To fabricate the filmed-electrodes, stock
solutions of 4T2 and 4T1 (4 μL) with a relatively high concentration of 5 mM were dropcast
on the polished GCE working electrode, and the electrode was then dried in air. To exclude
oxygen in all measurements, the cell of solution ECL was assembled in a glove box, and
the cell of the filmed-electrode ECL was assembled under an argon blanket. To measure
the PL of crystal films, a concentrated DCM solution (3 mM) was prepared and dried, and
the obtained crystalline powders were then put on a piece of cleaned glassy substrate to
measure the PL. The other ECL apparatus and their preparation processes, the ECL
instrumentation, and ECL efficiency determination method, and the PL measurement
remain the same as the ones introduced in the section 2.2.

5.2.3

Results and Discussion

Figure 5.11A shows the cyclic voltammograms (CVs, grey curve) of 0.5 mM 4T2 in
dichloromethane (DCM) with 0.1 M tetrabutylammonium perchlorate (TBAP) as the
supporting electrolyte. When the potential was scanned positively, 4T2 underwent three
oxidation reactions to produce its radical cation at 1.12 V, dication at 1.90 V, and radical
trication at 2.20 V, respectively. In contrast, only one reduction peak was observed at −1.99
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V in the cathodic scan. DFT calculations visualize the electron density across the frontier
molecular orbitals in the electronic structure of 4T2 (inset of Figure 5.11A). Specifically,
the electrons in the HOMO are well delocalized across a conjugated system that
encompasses the silole, the aryl group, and the bithiophenyl group at the α-position of the
silole ring, whereas the electrons in the LUMO are mainly spread over the benzosilole core.
Note that neither the HOMO nor the LUMO shows electrons across the β-bithiophenyl.
Without doubt, the oxidation took place in the conjugated system whereas the reduction
occurred mainly within the benzosilole moiety. The electrochemistry of 4T1 (Figure 5.12)
reveals two oxidation waves and one reduction wave at 1.18, 1.67, and −1.84 V,
respectively. It is speculated that because 4T2 has one more thiophene unit, the extended
conjugation and coplanarity of the benzosilole and bithiophenyl moieties in 4T2 facilitate
the oxidation reactions compared with those of 4T1. The observed redox potentials agree
well with DFT calculation results (Figure 5.11A).

Figure 5.11. Cyclic voltammogram (CVs, grey) of 0.5 mM 4T2 in DCM at a scan rate of
0.1 V/s with 0.1 M TPAP as the supporting electrolyte (A) scanning to both positive and
negative potentials in the absence of 5 mM BPO, and (B) scanning only to negative
potential in the absence of 5 mM BPO, and (B) scanning only to negative potential in the
presence of 5 mM BPO. Insets in (A) are the molecular orbitals iso-surface plots for the
HOMO and LUMO of 4T2 based on the DFT/B3LYP/6-31G* calculations. The ECL
voltage curves are overlaid at the bottom in green.
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Figure 5.11A also displays the ECL–voltage curve (green curve) corresponding to the CV
described above. Both the first and second oxidation peaks of 4T2 exhibit ECL, but no
ECL was found in the cathodic scan, and 4T1 has only one cathodic ECL signal (Figure
5.12A). For 4T2, the generally proposed mechanism of the first ECL1,2 involves the
reaction between radical cations and anions, the production of excited states, and the
radiative relaxation of the excited states with light emission. The second ECL (3 nA) is
stronger than the first (0.8 nA) because of the formation of the 4T2 dication, which can be
rationalized as follows: The transfer of one electron in the HOMO of neutral 4T2 to the
LUMO of the 4T2 dication produces two radical cations to thus increase the intensity of
the second ECL (inset scheme in Figure 5.11A). The maximum ECL intensity of 4T2
reached 3 nA. When Ru(bpy)3(PF6)2 of the same concentration was used as the benchmark,
the ECL efficiency of 4T2 and 4T1 was calculated to be 2.3% and 2.1%, respectively.

Figure 5.12. Cyclic voltammogram with the corresponding ECL-voltage curve of 0.5 mM
4T1 in DCM at a scan rate of 0.1 V/s with 0.1 M TPAP as the supporting electrolyte (A)
scanning to both positive and negative potentials in the absence of 5 mM BPO and (B)
scanning only to negative potential in the presence of 5 mM BPO.
We then added benzoyl peroxide (BPO) as an oxidizing co-reactant to improve the
observed low ECL signal from the annihilation route of both 4T2 and 4T1. In the presence
of 5 mM BPO, the ECL intensity of 4T2 was enhanced significantly to ~550 nA (Figure
5.11B), but this co-reactant ECL process gives a low ECL efficiency of 0.4% when the
Ru(bpy)3(PF6)2/BPO co-reactant system was used as the reference. When the voltage was
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pulsed at 10 Hz between 0.10 V and the cathodic potential limit (-2.40 V), the ECL
intensity of 4T2 reached ~3 μA (Figure 5.13A). The pulsing experiment changed the
applied potential rapidly enough to decrease the time for the electrochemically generated
silole radicals to decay, and the ECL intensity thus became much higher. For 4T1 with 5
mM BPO, the ECL intensity was increased to 120 nA in potential scanning and to 400 nA
in pulsing, but the 4T1/BPO system has an even lower ECL efficiency of 0.08% based on
Ru(bpy)3(PF6)2/BPO.

Figure 5.13. ECL-time curve during voltage pulsing of (A) 4T2 and (B) 4T1 in DCM
solution in the presence of 5 mM BPO.
Figure 5.14A displays the spooling ECL spectrum of the above 4T2/BPO co-reactant
system acquired with a potential scanning cycle between 0.10 V and −2.10 V, in which the
two ECL features are color-labeled in orange (−1.70 V to −1.98 V) and purple (−1.98 V to
−1.68 V), respectively. The wavelength of the ECL emission peak is at 630 nm throughout
the scan, which is redshifted from the PL at 475 nm (Table 5.2). This huge difference is
ascribed to the drastically different excited states of the PL (monomer excited states) and
ECL processes (dimer excited states, excimer).
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Figure 5.14. Spooling ECL spectra of 0.5 mM (A) 4T2 and (B) 4T1 in DCM in the
presence of 5 mM BPO at 0.02 V/s scan rate with 2 s accumulation time.

Table 5.2. PL and ECL peak wavelength and ECL efficiency for both 4T1 and 4T2 in
solution and crystal solid state.
PL Peak Wavelength

ECL Peak Wavelength

ECL Efficiency

4T1 solution

428 nm

602 nm

0.08%

4T1 crystal film

533 nm

528 nm

2.50%

4T2 solution

475 nm

630 nm

0.40%

4T2 crystal film

602 nm

607 nm

6.50%

Two possible mechanisms of excimer generation in the ECL route are considered. For both,
at around −0.80 V, BPO is firstly reduced to generate a benzoate radical (PhCOO•), which
then oxidizes 4T2 to produce 4T2•+. In the first mechanism, at about −1.70 V, excess
neutral 4T2 is reduced to 4T2•−, which then reacts with 4T2•+ to generate a dimer as the
excimer to emit ECL. In the second mechanism, after 4T2•+ is generated from the oxidation
by PhCOO•, a typical electrochemical dimerization can occur34 at the thiophene units in
4T2 to produce a ground state dimer, and the ground state dimer then reacts with BPO to
become the excimer via a classical ECL reaction. In the pulsing experiment, the applied
potential is alternated very quickly, and the ECL would not improve if a slow
electrochemical process such as the generation of ground state dimer34 is involved. Hence,
the observed ECL enhancement by pulsing effectively rules out the second mechanism.
The solution ECL here has to have the first mechanism because the emission wavelength
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in the spooling spectrum shows only the dimer and no monomer as the excimer. At −1.70
V, the potential is high enough to produce both the radical species of the 4T2 dimer and
the BPO radical. As the cathodic scan continues, the increasingly negative potential
generates a greater number of radical species, and the ECL intensity thus escalates and
peaks at −1.98 V. When the voltage is applied in the reverse direction, the ECL intensity
decreases due to the reverse reaction between the 4T2 dimer and the BPO radical species
before ECL disappears at −1.68 V. The ECL behaviors from real-time spooling match well
with the ECL–voltage curve in Figure 5.11B. The ECL peak of 4T1 at 602 nm also has a
redshift of 174 nm from the PL at 428 nm (Table 5.2).
After recording the low ECL efficiency of 4T2 and 4T1 in solution, we dropcast them to
prepare a film on glassy carbon working electrodes to assess the ECL performance from
the resulting crystal filmed-electrodes. Gratifyingly, upon irradiation at 254 nm, the crystal
film of 4T2 on the electrode gave an orange emission and the crystal film of 4T1 gave a
green emission (insets in Figure 5.15A,B). Additional experiments were carried out to
verify the solid films on the electrodes are indeed crystalline. We firstly recrystallized 4T2
and carefully transferred the crystals to a mortar. At this point, the crystals gave off an
orange color both in day light (Figure 5.16A) and under 254 nm UV (Figure 5.16B). The
crystals were then ground with a pestle35-38 to give amorphous 4T2, which then showed
not an orange color but a yellow color both in day light (Figure 5.16D) and under 254 nm
UV (Figure 5.16E). Additionally, we dropcast the DCM solution of 4T2 on a piece of
quartz glass and also deposited the solution on a TLC plate (Figure 5.16C). On the quartz
glass, 4T2 remained in its crystalline state29,39 and gave the same orange color. In contrast,
the 4T2 dispersed in the silica gel matrix became amorphous,29 and the observed color
became yellow (Figure 5.16F). Therefore, the thin film of 4T2 on the glassy carbon
electrode exhibits crystalline property because the electrode displays an orange color under
UV irradiation (inset of Figure 5.15A).
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Figure 5.15. Cyclic voltammogram at 0.1 V/s scan rate of (A) 4T2 films in annihilation
route, (B) 4T1 films in annihilation route, (C) 4T2 films with 5 mM BPO as co-reactant,
and (D) 4T1 films with 5 mM BPO as co-reactant. The insets of (A) and (B) are the crystal
films of 4T2 and 4T1 modified on glassy carbon electrodes under UV 254 nm irradiation,
respectively. The ECL voltage curves are overlaid at the bottom in purple (A and C) and
blue (B and D).
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Figure 5.16. (A) Crystalline 4T2 under day light. (B) Crystalline 4T2 under UV 254 nm
irradiation. (C) 4T2 on TLC plate (amorphous, left) and on quartz glass (crystalline, right).
(D) Amorphous 4T2 under day light. (E) Amorphous 4T2 under UV 254 nm irradiation.
(F) 4T2 dispersed in the silica gel matrix (amorphous, left) and on quartz glass (crystalline,
right).
Testing the ECL of the filmed-electrode requires a careful selection of the solvent. The
solvent needs to be able to make intimate conductive contact with the film surface while
not dissolving the film. DCM easily dissolves the films of 4T1 and 4T2 and clearly cannot
be used. Although aqueous systems are widely reported,5,13,30 the films of 4T1 and 4T2 are
highly hydrophobic and show no electrochemical or ECL behavior in purely aqueous
system (Figure 5.17). After screening a number of common solvents for electrochemistry
and ECL compatibility, we found that the films have relatively poor solubility in
acetonitrile, although they are not yet insoluble enough in acetonitrile (Figure 5.18).
Eventually, the filmed-electrode ECL of 4T1 and 4T2 was assessed in 1:1 v/v
water/acetonitrile.
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Figure 5.17. Cyclic voltammogram and the corresponding ECL-voltage curve of the
filmed electrodes of (A) 4T2 and (B) 4T1 in phosphate-buffered saline (PBS) solution (pH
= 7.4) with 0.1 M KCl as the supporting electrolyte.

Figure 5.18. Electrochemical cell containing filmed electrodes of (A) 4T2 and (B) 4T1 in
acetonitrile under 265 nm UV irradiation (benzosiloles are dissolved).
Figure 5.15A,B shows the CV and ECL–voltage curves of 4T2 and 4T1 crystal films in
1:1 v/v water/acetonitrile containing 0.1 M tetramethylammonium perchlorate (TMAP) as
the supporting electrolyte. Although the shapes of the peaks seem somewhat different, 4T2
crystal films also display three oxidations and one reduction, and 4T1 films also show two
oxidations and one reduction, both in agreement with the observations of the 4T2 and 4T1
solutions. No ECL was observed in the annihilation route for the films because they are
subject to surface effect.40 Specifically, when 4T2 and 4T1 are prepared as crystalline thin
films, the electrochemical and luminescent behaviors become restricted because their
radical species are no longer available in solution. In contrast, the solution ECL is related
to the concentration change of reactive species in the vicinity of the working electrode and
thus can readily occur via annihilation.40
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The addition of 5 mM BPO into the solution greatly enhanced the ECL of the filmed
electrodes (Figure 5.15C,D), with the 4T2 system giving nearly 1.1 μA and the 4T1 system
600 nA. The ECL intensity became even stronger in the pulsing experiments (Figure 5.19),
giving 4 μA for 4T2 and 1 μA for 4T1, respectively. The spooling ECL spectrum of the
4T2 film shows peak wavelength at 607 nm (Figure 5.20A), which is now almost the same
as the PL peak of the 4T2 crystal (602 nm, Table 5.2). Because the film dropcast on the
glassy-carbon electrodes is verified to be crystalline (Figure 5.21), the crystals must have
the same excited states in both PL and ECL process. The PL experiments of the solid films
were conducted using the same spectrometer for ECL along with a 405 nm laser excitation
source. Compared with the solution PL, the crystalline PL signals of 4T1 and 4T2 are both
significantly enhanced and strongly redshifted (insets of Figure 5.20).

Figure 5.19. ECL–time curve during potential pulsing between 0 V and the reducing
potential of the filmed electrode of (A) 4T2 and (B) 4T1.

Figure 5.20. Spooling ECL spectra of the filmed electrode with (A) 4T2 and (B) 4T1 in
the presence of 5 mM BPO at a scan rate of 0.02 V/s and exposure time of 2 s. Insets on
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the left in both (A) and (B) are the PL spectra of 4T2 in solution (grey) and solid state (red).
Insets on the right in both (A) and (B) display the photo of the electrochemical cell used
for the ECL experiment under the UV irradiation (265 nm).

Figure 5.21. ECL spectra, amorphous and crystalline PL spectra of 4T2 thin film.
A single crystal suitable for X-ray analysis was harvested from the DCM solution of 4T2.
In the X-ray structure of 4T2 (Figure 5.22A), the benzosilole core and the phenyl group
resides in the same plane along with the α-bithiophenyl group. That is, 4T2 has a highly
conjugated system consisting of these three parts. Note that the bithiophenyl group at the
β-position of the silole is twisted away from the conjugated system (see discussion below).
Hence, redox reactions happen in the conjugated system but not the β-bithiophenyl, as is
also seen from the DFT calculations (inset of Figure 5.11A).

Figure 5.22. X-ray crystal structures of 4T2: (A) single molecule, (B) within the packing
system. The dichloromethane solvent molecule is removed for clarity.
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The conformations of 4T1 and 4T2 in solution are illustrated in the insets of Figure 5.11A.
The PL emission of 4T1 and 4T2 is less pronounced in solution because the excited states
can be deactivated nonradiatively by various intramolecular motions (e.g., rotation of the
bonds between the silole core and the thiophenyl/bithiophenyl group). In contrast, a
number of restrictions on the conformational freedom can be noted for the crystalline
structure of 4T2. Although conventional forces like hydrogen bonding and π-π stacking,
key factors for CIEE,31 are both lacking in the 4T2 molecule, conformation rigidification
is still noted for 4T2 and established unambiguously from several intriguing intermolecular
interactions (Figure 5.23). For example, the hydrogen atom (H18, electron-deficient) at the
far end of the α-bithiophenyl group seems to have an electrostatic interaction with the βbithiophenyl group (C3 and C4 in the thiophene ring containing S1, electron-rich) in the
neighboring benzosilole (Figure 5.23A), and this interaction presumably helps enhance the
properties of 4T2 in comparison with 4T1. In addition, the methyl groups on the Si atom
seem to sterically restrain the rotation of the thiophene ring in the neighboring 4T2
molecule through two independent steric obstructions (Figure 5.23B). Besides, the nitrogen
atom on the 4-cyano substituent of 4T2 is also affected by the β-bithiophenyl moiety
(interaction between N1 and the H6 atom on the thiophene containing S3, Figure 5.23C).
Lastly, interaction is also noted between the proximal thiophene (S3) in the α-bithiophenyl
and the distal thiophene (S1) in the β-bithiophenyl (Figure 5.23D). All these intermolecular
interactions contribute to the conformation rigidification of 4T2 crystal and enhance the
PL emission. The dihedral angle between intersecting benzosilole planes in 4T2 is 98.91°
which clearly indicates J-aggregation (Figure 5.24). The 4T2 crystalline film has a relative
PL quantum yield of nearly 6%, about three times that of 4T2 in solution (2%). It is also
reported that the interactions of chromophores can split the excited states into two energy
levels. As for the case of J-aggregation which was revealed in 4T2 with twisted structure
and bulky groups (Figure 5.24), the excitation was from the ground state to the lower
energy level thus produces a redshifted PL emission (~80 nm in the case of 4T2 from
solution to crystal).41-44
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Figure 5.23. Intermolecular interactions in crystalline 4T2. (A) H-π interaction between
H18 and C2=C3. (B) Steric hindrance between H20 and C13, and between H20 and S3.
(C) Interaction between H6 and N1. (D) Interaction between S1 and S3.
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Figure 5.24. Illustration of J-aggregation of 4T2 with the β-bithiophene (a) hidden and (b)
visualized.
It is worth commenting that the ECL efficiency of the 4T2 film reaches 6.5% and is 16
times that of the 4T2 solution. The ECL efficiency of the 4T1 film also increases by 24
times compared with that of the 4T1 solution in DCM. That is, when the films of 4T2 and
4T1 are used instead of their solution, both the ECL intensity and the ECL efficiency
improve greatly due to CIEE, a phenomenon previously reported by Tang for PL but never
observed for ECL until the current work (see disambiguation between CIEE and AIEE
below).29,31 The solid crystal films of 4T2 and 4T1 have a rigid molecular packing (Figure
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2B) that prohibits intramolecular rotations, diminishes nonradiative relaxation, and boosts
the PL and ECL.29,31 In contrast, in the solution, the electrochemically generated excited
states of 4T2 and 4T1 mainly return to the ground state by nonradiative relaxation via
single bond rotations of the benzosilole–thiophene and thiophene–thiophene units, which
seriously weaken the emissive process. For the films, although ECL is not feasible via the
annihilation route, their ECL performance in the co-reactant system vastly outperforms the
solutions. This is because in the co-reactant system, ECL reactions occur at the interface
between the benzosilole crystalline film and the water/acetonitrile solution, instead of only
within the film as in the annihilation route. To the best of our knowledge, this is the first
time that the ECL performance is reported to be improved significantly by CIEE.
Previously, aggregation-induced emission enhancement (AIEE) of ECL (also known as
AIECL, as is summarized by Xu32) has been reported for 1,1’-disubstituted 2,3,4,5tetraphenylsiloles,5 carboranyl carbazoles,30 tetraphenylethylene nanocrystals,45 and
platinum complexes.46 We contend however that AIECL should not umbrella CIEE-ECL
since the difference of amorphous aggregate and crystalline film has not been clearly
differentiated to date, as is the case for all systems before our benzosiloles. That is, ECL
enhancement from a dispersion of aggregates or from chemically modified electrodes
bearing the amorphous aggregates of the luminophore should not be confused with ECL
enhancement from electrodes with crystalline films of the luminophore, since their
mechanism and performance differ fundamentally.

5.2.4

Conclusions

In summary, photoluminescence and ECL enhancement of two benzosiloles have been
induced by crystallization, as was revealed by spooling ECL spectroscopy, X-ray
crystallography, photoluminescence, and DFT calculation. The CIEE-ECL system is
simple to design and convenient to use. This work for the first time establishes a
heterogeneous ECL performing system for highly hydrophobic organic compounds, and
showcases the CIEE strategy to greatly enhance ECL intensity. Our experimental results
complement aggregation-induced electrochemiluminescence (AIECL) and provide
insights for designing more efficient opotoelectronic devices.
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Chapter 6

6

Efficient ECL of an MR-TADF Molecule†

The electrochemiluminescence (ECL) behavior of a multi-resonance thermally activated
delayed fluorescence (MR-TADF) molecule has been investigated for the first time by
means of ECL-voltage curves, newly designed ECL-time observatory, and ECL
spectroscopy. The compound, Mes3DiKTa, shows complex ECL behavior, including a
delayed onset time of 5 ms for ECL generation in both the annihilation pathway and the
co-reactant route, which we attribute to organic long-persistent electrochemiluminescence
(OLECL). Triplet-triplet annihilation (TTA), thermally activated delayed fluorescence
(TADF) and uncompensated solution resistance cannot be ruled out as contributing
mechanisms to the ECL. A very long ECL emission decay was attributed to OLECL as
well. The absolute ECL efficiencies of Mes3DiKTa were enhanced from 0.0013% in
annihilation route and 1.1% for the co-reactant system, which are superior to those of most
other organic ECL materials. It is plausible that ECL materials with comparable behavior
as Mes3DiKTa are desirable in applications such as ECL sensing, imaging and lightemitting devices.
†

This work by Liuqing Yang, Lihui Dong, David Hall, Mahdi Hesari, Yoann Olivier, Eli

Zysman-Colman, Zhifeng Ding has been accepted by “SmartMat” for publication.

6.1 Introduction
Electrochemiluminescence, also termed as electrogenerated chemiluminescence (ECL), is
a light-emitting process induced by electrochemistry in the vicinity of a working
electrode,1-3 in which highly active radical species (polarons) electrochemically generated,
undergo electron transfer to form excitons that emit light upon relaxation to ground state.1,
2

Annihilation ECL is a process whereby the electron transfer occurs between radical ions

electrogenerated from the same ECL material to produce excitons, while co-reactant ECL
requires the use of a sacrificial oxidant or reductant whose electrically generated radical
interacts with the ECL luminophore polaron to produce the exciton.1,

2

Intelligently
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combined with electrochemistry and chemiluminescence, ECL has wide application within
the fields of sensing and imaging.4-8 Numerous classes of ECL luminophores (ECLphores)
have been reported and their ECL mechanisms studied, including phosphorescent metal
complexes,9-11 organic molecules12-14 and nanomaterials.15-19 For example, [Ru(bpy)3]2+,
the most widely employed ECLphore, is usually used as the gold standard to determine
relative ECL efficiency.19-22 However, the absolute ECL efficiency of [Ru(bpy)3]2+ is still
quite low (~5%), reflecting its low photoluminescence quantum yield (ɸPL = 9.5% in
degassed MeCN).21, 22 The low quantum efficiency of many ECL materials significantly
limits their use in practical applications.
The ECL efficiency is governed in part by the electrochemical stability of the radical
cations and anions that are formed in the vicinity of the electrodes such that these species
do not degrade prior to their diffusion and recombination to produce excitons.21-24 As with
electroluminescent devices such as organic light-emitting diodes (OLEDs) and lightemitting electrochemical cells (LEECs), the ECL efficiency with which the generated
excitons are converted to light depends on the nature of the emitter. For fluorescent
emitters, only singlet excitons can produce light, thus limiting the maximum ECL
efficiency to 25%. For phosphorescent emitters, singlet excitons rapidly are converted to
triplets via intersystem crossing (ISC) prior to light emission from the triplet state.25 Thus,
for phosphorescent compounds the maximum ECL efficiency is 100%.
ECL has also been demonstrated to be produced via two other processes, both of which
involve the conversion of triplet excitons into singlet excitons: triplet-triplet annihilation
(TTA) and thermally activated delayed fluorescence (TADF).26-29 TTA materials produce
light with a maximum efficiency of 62.5%, due to the requirement for two triplet excitons
to bimolecularly recombine to form a higher energy singlet exciton and a molecule in its
ground state.29 At the concentrations typically used in ECL, TTA is a plausible mechanism
for compounds with sufficiently long-lived triplet excitons. TADF compounds also can
convert up to 100% of the generated excitons into light. This is possible due to the very
small singlet-triplet energy gap (ΔEST) that permits endothermic up-conversion of triplet
excitons into singlet excitons via reverse intersystem crossing.29 TADF compounds
typically show dual emission, with a fast nanosecond prompt fluorescence due to as-formed
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singlet excitons radiatively decaying and delayed microsecond or longer emission that is a
consequence of the slow reverse ISC (RISC) process prior to fluorescence. 27, 28 Recently,
organic long-persistent photoluminescence (OLPL) and electroluminescence (OLEL) were
reported as light generation mechanisms for compounds that have moderately large ΔEST
and so are considered inefficient TADF materials.30, 31 These compounds show very longlived emission lasting seconds after the excitation source is switched off. The long-lived
luminescence originates from a charge-separation process followed by a slow chargerecombination route.30-32 We recently demonstrated for the first time that the corresponding
behavior in ECL also occurs in donor-acceptor (D-A) TADF compounds possessing
relatively large ΔEST.33
The dominant design for TADF compounds relies on a twisted D-A architecture that limits
the magnitude of the overlap integral of the frontier molecular orbitals, leading to a ΔEST.3436

A second class of TADF compounds are p/n-doped nanographenes, termed multi-

resonant TADF (MR-TADF) emitters, which produce the small overlap integral by
exploiting complementary resonance effects of the p- and n-dopants in these polycyclic
aromatic compounds.34, 37-39 Due to their rigid structure, the emission profile of MR-TADF
compounds is much narrower and so the color purity is significantly enhanced. The shortrange charge transfer excited state of these compounds means that the emission is only
very moderately affected by solvent polarity.39
ECL of a series of D-A TADF emitters (2CzPN, 4CzPN, 4CzIPN, 4CzTPN, Figure 6.1A)
were first investigated by Imato et al., and ECL efficiencies ranging from 1.1% to 47%
were determined, which offers a significantly great start of such research field.40 Recently,
Niu, et al. reported ECL based on a TADF polymer (PCzAPT10, Figure 6.1B), and it was
smartly applied in biosensing.41 Niu, et al. also employed a nanoencapsulation strategy
with 4CzIPN to permit ECL of this TADF emitter in an aqueous system.42 Despite these
promising examples, research into ECL of TADF compounds is still in its infancy and
insights into the interplay between TADF and ECL are required in order to spur the
development of improved ECLphores. To date, there has been no report of the ECL
behavior of MR-TADF compounds.
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Herein, we report enhanced ECL of the MR-TADF molecule Mes3DiKTa (Figure 6.1C).38
A combination of ECL-voltage curves, ECL spectroscopy and newly designed timeresolved ECL provide insight into the origin and mechanism of the ECL.

Figure 6.1. Structures of (A) 2CzPN, 4CzPN, 4CzIPN, 4CzTPN, (B) PCzAPT10 and (C)
Mes3DiKTa.

6.2 Experimental Section
Acetonitrile (MeCN, 99.8%), tris(2,2’-bipyridyl)ruthenium(II) hexafluorophosphate
([Ru(bpy)3](PF6)2, 98%), tri-n-propylamine (TPrA, ≥98%), and ferrocene (Fc, 98%) were
all obtained from Sigma-Aldrich (Mississauga, ON, Canada). Tetra-n-butylammonium
perchlorate (TBAP, electrochemical grade) as the supporting electrolyte in ECL was
purchased from Alfa Aesar (Ward Hill, MA). Acetonitrile is anhydrous and in Sure/SealTM
bottle which is stored into a N2 filled glove box. TPrA was stored at 4 °C in a refrigerator
while all the other chemicals were stored at room temperature. Mes3DiKTa was
synthesized and characterized as we reported elsewhere.38
For the programed time-resolved ECL experiment named as time-resolved ECL
observatory, an Autolab modular potentiostat (Autolab PGSTAT302N, Metrohm,
Switzerland) with a control software NOVA was used as the ECL drive. A customer-built
program pulsed the electrochemical cell with its potential limits. The interval time was set
up to change the potential every 0.01 ms. Meanwhile, the R928 PMT connected to the
source picoammeter was attached to the Autolab potentiostat via one of the two auxiliary
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channels. ECL signal was measured as an external signal of the Autolab and recorded at
the same time with the current and applied voltage during pulsing-processes by means of
NOVA software. The PL spectra were acquired by the same spectrometer-CCD camera
system using a 405 nm laser (Model LDCU12/6253, Power Technology, Inc., AR, USA)
as the excitation light source.
The potential window in ECL experiments was calibrated to the standard hydrogen
electrode (SHE) potential using ferrocene/ferrocenium (Fc/Fc+, 0.40 V vs. SHE in MeCN)
as the internal standard.43 Spooling ECL spectra were recorded with the same setup in a
cyclic loop of scanning between the redox potentials that resulted in ECL.44 The other ECL
apparatus and their preparation processes, the ECL instrumentation, and the ECL efficiency
determination method remain the same as the ones introduced in the sections 2.2 and 4.1.2.

6.3 Results and Discussion
First, we investigated the electrochemical properties and ECL behavior of Mes3DiKTa in
an annihilation pathway. Figure 6.2 shows the cyclic voltammograms (CVs, grey curves)
of 0.2 mM Mes3DiKTa in acetonitrile (MeCN) with 0.1 M tetrabutylammonium
perchlorate (TBAP) as the supporting electrolyte along with ECL-voltage curves (colorcoded for scanning directions). In general, Mes3DiKTa undergoes a quasi-reversible
reduction at a peak potential of Ered0’ = -0.93 V where its radical anion is generated, and an
oxidation at a peak potential of Eox0’ = 1.40 V where its radical cation is generated,
independent of the initial scanning direction. It should be noted that in our previous report,
the reduction and oxidation potentials of Mes3DiKTa in CVs/DPVs were located at -1.04
V (vs. SHE) and 1.78 V (vs. SHE), respectively.38 The slight difference might arise from
the difference in Mes3DiKTa concentration and the different supporting electrolytes used.
Figure 6.2A shows the color-coded ECL-voltage curve segments corresponding to a CV in
the second cycle of the potential scan starting in the cathodic direction. As the potential
scan commenced at 0 V, the ECL signal was detected at -0.82 V (blue curve) where the
radical anions were generated and reacted with the radical cations that were already within
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the diffusion layer. The onset ECL potential at -0.82 V matches well with the
electrochemical current onset potential in CVs. Interestingly, during the ECL devolution
process, upon reversing the potential scan direction to anodic (red segment in Figure 6.2A),
the ECL signal did not decrease to 0 immediately. Instead, it decreased very slowly until
the potential reached around 1 V, showing an unexpectedly long ECL decay that has
scarcely been observed in the ECL literature involving TADF emitters. In the anodic ECL
process, the onset-ECL potential is located at 1.18 V (red segment in Figure 6.2A),
corresponding well to the oxidation onset potential recorded in the CV. After reaching a
peak intensity of 3 nA, the ECL signal gradually devolved, slowly decreasing to 0 nA at
around 0.3 V (green segment in Figure 6.2A), demonstrating again a long ECL emission
decay. When the initial potential scan direction is changed to anodic (Figure 6.2B), both
the anodic (red segment) and cathodic (green segment) ECL show a slow devolution as
well; however, the maximum ECL intensity is somewhat attenuated in this experiment and
does depend on the initial scan direction: The lower maximum ECL of 2 nA indicates that
the radical anion is more persistent than the radical cation of Mes3DiKTa, which is aligned
with the more reversible reduction process observed in the CV.

Figure 6.2. Cyclic voltammogram (CVs, grey) and ECL-voltage curves (color-coded) of
0.2 mM Mes3DiKTa in MeCN at a scan rate of 0.1 V/s with 0.1 M TPAP as the supporting
electrolyte with (A) negative scan initially and (B) positive scan initially.
We then expanded the potential window of the CV of Mes3DiKTa to explore how the ECL
would evolve. In Figure 6.3, the CV (grey) displays second reduction and second oxidation
waves at peak potentials of -1.18 V and 1.70 V, respectively. The redox behavior is better
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revealed in the differential pulsed voltammograms (DPVs, Figure 6.4). An extra ECL peak
can be observed in both the cathodic (blue segment) and anodic (orange segment) potential
regions. Both these ECL peaks are enhanced, probably by the presence of a greater
concentration of radical cations and anions that are produced via the reaction between
dications/dianions and neutral Mes3DiKTa (Figure 6.5). The long ECL emission decay in
the devolution processes for the two extra ECL waves can also be observed. When
[Ru(bpy)3](PF6)2 was used as a reference (Figure 6.6) under the same experimental
condition, the relative ECL efficiency of Mes3DiKTa in Figure 6.2A was calculated to be
94% while its efficiency upon extended scanning, as in Figure 6.3, was determined to be
118%, both of which are superior to most other reported organic molecules. ECL
efficiencies of organic molecules reported in the recent years have been summarized in our
previous report43 (before 2018) as well as in Table 6.1 (2019-now).The annihilation ECL
can be further enhanced by applying a pulsed-potential method at 10 Hz (Figure 6.7); under
these conditions the relative ECL efficiency was determined to be 136%. Moreover, the
absolute ECL efficiencies of Mes3DiKTa were determined to be 0.0013% in expanded
CVs scans and 0.66% with 10 Hz pulsing, respectively. Again, Mes3DiKTa demonstrates
an unusually long ECL emission decay, and a much higher ECL efficiency than most of
the previously reported organic compounds used as ECLphores, whatever the potential
window or the scan direction that is used.

Figure 6.3. Cyclic voltammogram (CVs, grey) and ECL-voltage curves (color-coded) of
0.2 mM Mes3DiKTa with 0.1 M TPAP as the supporting electrolyte in acetonitrile at a scan
rate of 0.1 V/s with expanded potential windows.
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Figure 6.4. Differential pulsed voltammograms (DPVs) of 0.2 mM Mes3DiKTa in
acetonitrile with 0.1 M TPAP as the supporting electrolyte.

Figure 6.5. Mechanisms of the enhanced ECL at second redox peaks.

Figure 6.6. Cyclic voltammogram (CVs, red) and ECL-voltage curves (blue) of 0.2 mM
Ru(bpy)3(PF6)2 with 0.1 M TPAP as the supporting electrolyte in acetonitrile at a scan
rate of 0.1 V/s.
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Table 6.1. ECL efficiencies of organic ECLphores reported from 2019 to now.
ECL
Pathway

Relative ECL Efficiency
(relative to Ru(bpy)32+)

Ann

0.13%-0.48%

BPO

6.4%-42.8%

K2S2O8

34%

Ann

11%

TPrA

27%-90%

Ann

2.1%-2.3%

BPO

0.08%-6.5%

N-annulated perylene diimide
dimer (tPDI2N-hex)

TPrA

64%

ACS Appl. Mater. Interfaces,
2020, 12, 51736-51743

porphyrin@β-cyclodextrin

K2S2O8

10.6-21.8%

Anal. Chem., 2020, 92, 54645472

Di-Boron Complex (DBC)

Ann
BPO

8.5%
0.85%-4.7%

Angew. Chem. Int. Ed., 2020,
59, 17461-17466

diaza [4]helicene [HEL-AMH]+

TPrA

7.3%

Chem. Sci., 2020, 11, 45084515

Ann

40%-400%

ChemElectroChem, 2020, 7,
1550-1557

TPrA

5.4%-33.9%

Chem. Commun., 2020, 56,
9771-9774

K2S2O8

46.77%-184.36%

Anal. Chem., 2020, 92, 1483814845

N,N-bis-(3-dimethyl
aminopropyl)-3,4,9,10-perylene
tetracarboxylic acid diimide (PDI)

K2S2O8

124%

ACS Appl. Mater. Interfaces,
2019, 11, 33676-33683

Isoquinoline-5-sulfonic acid (5′QSA)

K2S2O8

29%

Electrochem. Commun., 2019,
101, 19-22

benzothiadiazole derivative
(BTD-TPA, BTD-Ph, BTD-NPA)*

BPO

4%-80%

Mater. Chem. Front., 2019, 3,
2051-2057

pyrrolopyrrole aza-BODIPYs
(PPAB-Ph, PPAB-Th,PPAB-Th-Fl)

TPrA

100%-210%

J. Am. Chem. Soc, 2019, 141,
11791-11795

K2S2O8

41.2%

Anal. Chem., 2019, 91, 86768682

K2S2O8

37.8%

Angew. Chem. Int. Ed., 2019,
58, 5915-5919

Ann

118%

TPrA

79%

Compound
Pyrido[1,2-α]pyrimidines (1-4)
5-(4-aminophenyl)-10,15,20triphenyl-porphyrin (ATPP-TPE)
5,10,15,20-tetraphenyl-21H,23Hporphine (H2TPP)
Benzosiloles (4T1, 4T2)

coumarin-based oxazaborines*
(OxaBo 1-3)
helicene dyes ([4]-C3-Sulfo, [4]monoSulfo, [4]-diSulfo, [6]diSulfo)
Tetraphenylbenzosilole
derivatives (TPBS derivatives)

Tetraphenylethene derivatives
TPE-(NO2)4
1,1,2,3,4,5- hexaphenylsilole
(HPS)
Mes3DiKTa

Reference
ChemElectroChem, 2021, 8,
547-557
Angew. Chem. Int. Ed., 2020,
59, 23261-23267
J. Phys. Chem. C, 2020, 124,
16568-16576.
Eur. J. Chem., 2020, 26, 1171511721

This work
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Figure 6.7. Potential-time and ECL-time curves of Mes3DiKTa in acetonitrile during
voltage pulsing at 10 Hz via annihilation pathway.
To investigate the slow ECL devolution process and the long ECL emission decay, we then
designed an ECL platform to reveal the time-resolved ECL behavior based on programmed
potential pulsing experiments. Figure 6.8A demonstrates three cycles of time-resolved
ECL curves of Mes3DiKTa (blue) with the potential applied (red). There are four steps in
each cycle. With the first cycle as an example, in step one, the applied potential was set at
0 V for 10 ms with no ECL observed (blue curve in Figure 6.8A). In the second step the
potential was changed to -1.2 V for another 10 ms, the radical anion of Mes3DiKTa was
generated and no ECL signal was seen within this range since there are no radical cations
produced yet. In step three when the potential was applied at 1.7 V for 10 ms, an
enhancement of the ECL (around 3 nA) was observed. Interestingly, the ECL was not
induced immediately when the potential was stepped to 1.7 V but instead the onset ECL
was delayed by about 5 ms from the moment of potential switching. After the ECL reached
a maximum, the ECL decayed gradually, lasting ~10 ms, even after the potential was
brought back to 0 V in step four. The decay process in step three can be seen more clearly
in Figure 6.9 when the observed ECL intensity is presented on a logarithmic scale. The
applied potential is kept 0 V in the last step for 10 ms and the ECL signal decays to 0 within
this time window. As such, a ~5 ms delay of the onset of the ECL and ~10 ms associated
with the ECL decay were observed in the ECL evolution and ECL devolution processes of
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Mes3DiKTa, respectively. The ~10 ms ECL emission decay matches well with the
observation in the ECL-voltage curves.

Figure 6.8. Time-resolved ECL curves with ECL-time observatory experiments of 0.2 mM
Mes3DiKTa (A) and 0.2 mM [Ru(bpy)3](PF6)2 (B) in acetonitrile via annihilation pathway.

Figure 6.9. Exponential form of the first cycle in ECL-time observatory experiments of
0.2 mM Mes3DiKTa via annihilation pathway.
The potential-pulsing experiment described above documents both a delayed onset of the
ECL and a long ECL emission decay process. Instead of conventional potential pulsing
between the first oxidation and reduction potentials, our time-resolved ECL platform
provides greater sensitivity to observe such phenomena. The time-resolved ECL platform
is simple to construct and easy to adjust.
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The unexpected delay of the onset-ECL and long ECL decay might originate from
one/some of the following mechanisms, which have been used to explain
photoluminescence (PL) phenomena: (1) phosphorescence, (2) TTA, (3) TADF and (4)
OLPL. In addition, the Marcaccio group reported ECL of a series of sulfurated pyrenecored dendrimer and found delayed ECL onset from 7 ms to 13 ms depending on the
molecular size.47 The authors attributed the delay to a combination of two factors: the
decrease in the electron-transfer constant and the decrease of the diffusion coefficient as a
consequence of the molecular size increase. However, such conclusion does not apply to
Mes3DiKTa due to its different molecular size from the dendrimers. Furthermore, slow
diffusion of the radical ions, and uncompensated solution resistance48 in the experiment
may contribute to the delay in the onset-ECL. For comparison, we performed the exact
same time-resolved ECL experiments for the well-studied [Ru(bpy)3](PF6)2 (Figure 6.8B).
Three cycles are shown with the potential pulsed from zero to oxidation, reduction and
back to zero. For this compound the ECL signal (red curve) emerges and decays
immediately following the generation of the radicals (purple curve). No delayed onset ECL
and much shorter ECL emission decay for [Ru(bpy)3](PF6)2 are observed. Since
[Ru(bpy)3](PF6)2 is a phosphorescent ECLphore49 and the experiment was performed using
the same condition as Mes3DiKTa, it is reasonable to rule out phosphorescence and slow
diffusion as an explanation for the observed kinetics. It should be noted that in the timeresolved ECL experiments for both Mes3DiKTa and [Ru(bpy)3](PF6)2, in the first cycles
there is no ECL when a negative potential was applied (step 2), but small ECL bumps are
observed under negative potentials in the second and third cycles. This is because that in
the second and third cycles, radical cations have been produced at positive potentials to
generate ECL with radical anions that were formed at negative potentials. In the first cycle,
however, the positive potential has not been applied yet and no radical cations are existing
in the diffusion layer resulting no ECL in step 2.
We then performed the time-resolved ECL experiments under the same experimental
conditions with 9,10-diphenylanthracene (DPA), a molecule that exhibits TTA50 and a
delayed ECL due to uncompensated solution resistance.48 The results are shown in Figure
6.10A. Taking the first cycle as an example, in step three when the radical cations are
generated and interact with the radical anions, the onset ECL (red) was delayed by ~0.5 ms
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after the potential was switched (blue curve). This delay is seen more clearly in Figure
6.10B. After reaching the peak value, the ECL then decayed to zero even after the potential
was changed back to 0 in step four. Based on the similarity in ECL behavior between DPA
and Mes3DiKTa, it is plausible to assign TTA and/or uncompensated solution resistance
as an operational light generation mechanism for both compounds and one that is
responsible for the onset-ECL delay (Eq.6.1 and Eq.6.2, note that the energy between
triplet excitons is sufficient to produce compounds in higher lying singlet excitons, these
would rapidly relax through internal conversion to generate 1R).
3

R + 3R → nR* + R

n

R → 1R*

1

R* → R + hν

(6.1)

(6.2)

Figure 6.10. Time-resolved ECL curves with ECL-time observatory experiments of 0.2
mM DPA via annihilation pathway: (A) original and (B) Zoom in.
For Mes3DiKTa, given the concentrations used in the ECL experiment, after triplet
excitons are electrochemically generated both monomolecular upconversion of triplet
excitons to singlets is possible by RISC (green, TADF) and bimolecular interaction of two
triplet excitons to form a singlet and a compound in its ground state via TTA (red) are
possible, as illustrated in Figure 6.11. The delayed onset of the ECL may arise in part from
the time require for the two triplet excitons to diffuse and recombine. The long ECL decay,
however, cannot be explained only by photophysical phenomena as the delayed lifetimes
of TTA and TADF materials are normally in the microsecond regime.
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Figure 6.11. Qualitative diagram of the excitons behaviors including TTA (blue) and
TADF (green).
Notably, the delayed onset-ECL of DPA was only ~0.5 ms, which is one order of
magnitude faster than that observed for Mes3DiKTa at 5 ms. Thus, TTA/TADF, and/or
uncompensated solution resistance cannot solely account for the unusually long delay in
the onset of the ECL. OLPL proceeds on a timescale similar to what we have observed here
for the ECL.

We

contend that a similar process,

organic

long-persistent

electrochemiluminescence (OLECL), could also be operational for Mes3DiKTa, a
behavior similar to a family of inefficient D-A TADF compounds that we recently
documented.33 In many of the OLPL and OLEL reports, charge separation and slow charge
recombination occur from exciton aggregates (exciplex).31,

32

For our ECL, the

investigation of emission from exciton aggregates significantly depends on the ECL
spectroscopy (vide infra.).
We next investigated the ECL behavior under co-reactant conditions, using tri-npropylamine (TPrA) radicals as a sacrificial reductant, which are formed after
electrooxidation and deprotonation of the radical cation. In the presence of 20 mM TPrA,
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the ECL intensity of Mes3DiKTa in a cyclic potential scanning between 0 and 2.20 V was
greatly enhanced to ~9 µA (Figure 6.12). The ECL efficiency was determined to be 79%
relative to the [Ru(bpy)3](PF6)2/TPrA co-reactant system (Figure 6.13) while the absolute
efficiency was calculated to be 1.1%, both of which are significantly higher compared to
most other organic compounds (Table 6.1). The ECL onset potential is located at around
1.42 V, which is close to the first oxidation potential (1.40 V). During the ECL devolution,
the ECL intensity decreased slowly as the potential was scanned cathodically back to 0 V.
It is worth noting that the devolution curve essentially parallels the evolution one. As in
the annihilation ECL experiments, there is a very long ECL emission decay for
Mes3DiKTa. As well, similar to annihilation ECL experiments, the ECL signal is enhanced
when a traditional pulsed-potential method at 10 Hz was applied as seen in Figure 6.14.
Here, the relative ECL efficiency is 56% while the absolute efficiency is 1.5%. It should
be noted that compared with those during potentiodynamic scans (Figure 6.12), the relative
ECL efficiency is lower (56% versus 79%) while absolute ECL efficiency is higher (1.5%
versus 1.1%) during potential pulsing. Such a difference can be ascribed by the unavoidable
error during the relative ECL efficiency measurement; the difference in radical behavior
(radical stability and radical reactivity) between [Ru(bpy)3](PF6)2 and Mes3DiKTa were
not considered.

Figure 6.12. Cyclic voltammogram (CVs, grey) and ECL-voltage curve (purple) of 0.2
mM Mes3DiKTa with 20 mM TPrA as the co-reactant in acetonitrile at a scan rate of 0.1
V/s with 0.1 M TPAP as the supporting electrolyte.
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Figure 6.13. Cyclic voltammogram (CVs, red) and ECL-voltage curves (blue) of 0.2 mM
Ru(bpy)3(PF6)2 in acetonitrile with 20 mM TPrA at a scan rate of 0.1 V/s with 0.1 M TPAP
as the supporting electrolyte.

Figure 6.14. Potential-time and ECL-time curves during voltage pulsing of Mes3DiKTa in
acetonitrile via co-reactant route with 20 mM TPrA.
Our time-resolved ECL experiments were performed again with the Mes3DiKTa/TPrA coreactant system. Three cycles of time-resolved ECL (blue) with the potential being pulsed
from 0 V to 2.1 V and back to 0 V in 10 ms steps (orange) are shown in Figure 6.15A. The
observation time period at the end of each cycle was set to 10 ms in order to detect the
delayed ECL of Mes3DiKTa. The applied potential was set to 0 V initially and no ECL
signal was observed. When the potential was stepped to 2.1 V for 10 ms, no ECL was
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detected for the first ~5 ms; however, there was a progressive increase in ECL intensity
after this point. The ECL intensity did not decay to 0 from the peak value immediately after
the voltage step returned to 0 V but lasted for ~ 1 ms. The decay process is revealed in
greater detail in Figure 6.16. It is plausible that the 5 ms delayed onset-ECL and the 1 ms
extra ECL emission decay are attributed to slow diffusion and recombination of polarons
(i.e., radical cations and anions) prior to emission proceeding by TTA and/or the OLECL
processes. For comparison, the time-resolved ECL experiments were performed with the
[Ru(bpy)3](PF6)2/TPrA co-reactant system. As shown in Figure 6.15B, for each cycle the
potential was stepped from 0 V to 2.1 V and back to 0 V with a step and observation time
each of 10 ms. The ECL signal appeared only when a potential of 2.1 V was applied to the
oxidation limit while no ECL was observed when the potential stepped to 0 V. The ECL
evolution and devolution followed the potential steps while both the ECL delay and
overshot were negligible. In other words, the ECL arises and vanishes spontaneously with
the steps of the applied potential for this compound. This contrasting observation once
again provides strong evidence of an emission generation mechanism in the ECL that is
distinct from that observed under photoluminescence conditions.

Figure 6.15. Time-resolved ECL curves with ECL-time observatory experiments of 0.2
mM (A) Mes3DiKTa and (B) [Ru(bpy)3](PF6)2 in acetonitrile via TPrA co-reactant
pathway.
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Figure 6.16. (A) Exponential form of the first cycle in ECL-time observatory experiments
of 0.2 mM Mes3DiKTa via co-reactant pathway. (B) High resolution reveal from the
maximum ECL to the background in (A).
Next, the annihilation and co-reactant ECL spectra were acquired, respectively, and
compared with the PL spectrum as shown in Figure 6.17. The peak wavelength of PL (blue)
is located at 478 nm while the annihilation (red) and co-reactant (green) ECL spectra
possess the same peak wavelength at 498 nm, both of which are red shifted (20 nm)
compared with the PL spectra. Since all three spectra were acquired using the identical
solution with the same spectrometer and CCD camera, the 20 nm red shift of the ECL
compared to the PL must originate at least in part from new species generation during ECL,
such as ECL from an aggregate. Mechanistically, this would imply that when potentials
were applied to the system, a charge-transfer (CT) state would be generated within the
aggregate. The CT state could then become a charge-separated state that consist of a radical
cation and radical anion followed by the recombination of the radical ions to generate the
aggregate excitons. ECL would then occur upon the relaxation of the aggregate excitons,
which typically have a smaller HOMO-LUMO gap,51 displaying a red shifted PL compared
with the PL from the monomer excitons. This observed behavior, especially the slow
charge recombination process, led to our assignment that the ECL emission results from
OLECL in order to explain the delayed onset-ECL and the long ECL emission decay.
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Figure 6.17. ECL spectra of Mes3DiKTa via annihilation pathway (red), TPrA co-reactant
pathway (green), and PL spectrum of Mes3DiKTa (excited at 405 nm, blue).
For the Mes3DiKTa ECL system, it should be noted that the emission from the aggregate
might be distinct and distinguishable between annihilation and co-reactant pathways.
During the annihilation ECL process, there are no other chromophoric species in the
solution to interact with Mes3DiKTa. As a result, the intermolecular interaction most likely
occurred between Mes3DiKTa radicals, which then formed a bound exciton-ground state
aggregate (analogous to excimer). During the co-reactant ECL, two plausible mechanisms
must be considered based on the co-reactant ECL mechanisms with TPrA, as summarized
by Miao.2 On the one hand, after the deprotonation of TPrA radical cation (TPrA∙+), the
TPrA radical (TPrA∙) could reduce the Mes3DiKTa radical cation to generate the
Mes3DiKTa exciton. In this first case, since there is no Mes3DiKTa radical anion produced,
an aggregate (analogous to exciplex) consisting of a Mes3DiKTa radical cation and a
NEt3+. possibly could lead to the OLECL. On the other hand, the TPrA∙ could also reduce
a neutral Mes3DiKTa molecule to form an Mes3DiKTa radical anion, which could interact
with Mes3DiKTa radical cation in a similar way to an annihilation ECL route. In this
second mechanism, the system contains Mes3DiKTa radical cations, Mes3DiKTa radical
anions and NEt3+ species. Both aggregates of Mes3DiKTa radicals and aggregates of
Mes3DiKTa/NEt3+ may exist. In fact, when we normalized and overlapped the annihilation
and co-reactant ECL spectra in Figure 6.18, a small difference could be observed that can
be attributed to the fact that only aggregates of Mes3DiKTa radicals were generated in the
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annihilation ECL process, while both excimer-like aggregates of Mes3DiKTa radicals, and
exciplex-like aggregates of Mes3DiKTa/NEt3+ were produced within co-reactant ECL
pathway with TPrA. It should be noted that in the ECL spectra, a shoulder at around 478
nm was also observed, corresponding to the monomer emission, based on the comparison
with the PL spectrum (Figure 6.17). As such, it is plausible that ECL emission comes from
a combination of exciton monomers and exciton aggregates.

Figure 6.18. ECL spectra of Mes3DiKTa via annihilation pathway (red) and TPrA coreactant pathway (green), showing a small difference.
Emission in both ECL and PL occur from the singlet excited state as triplet excitons would
either be converted to singlet excitons by RISC at ambient temperature due to the small
ΔEST (0.19 eV in toluene)38 or recombine via TTA. Direct phosphorescence is unlikely to
occur as this is a formally spin-forbidden process and there is little spin-orbit coupling to
turn on this radiative decay mode, further the recorded phosphorescence peak of
Mes3DiKTa is at 514 nm, at higher energy than the recorded maximum of the ECL and
phosphorescence was not previously observed at ambient temperature during
photoexcitation of the compound in toluene solution. In order to efficiently generate the
excited state, the enthalpy of ECL generation reactions determined from the peak potentials
of the redox waves should be greater than that of the excitons determined from the emission
peak wavelength:52
𝐸𝑝 (𝑅 ′ /𝑅 ′∙+ ) − 𝐸𝑝 (𝑅/𝑅 ∙− ) − 0.16 (𝑒𝑉) ≥ −∆𝐻°

(6.3)
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where 𝐸𝑝 (𝑅 ′ /𝑅 ′∙+ ) and 𝐸𝑝 (𝑅/𝑅 ∙− ) are the oxidation and reduction peak potentials,
respectively, obtained from CVs; −∆𝐻° represents the enthalpy of fluorescence and/or
phosphorescence (although not detected in our experiments) of the excitons. Note that in
an ECL process, triplets excitons are the ones that are more dominant rather than singlet
excitons thermodynamically, which is because the enthalpy of triplet (longer wavelength)
is smaller than singlet excitons (shorter wavelength).53
For the annihilation ECL process, the enthalpy for the annihilation reaction (2.22 eV, from
CVs) is inferior to that of singlet (2.49 eV, calculated from Figure 6.17), while being very
close to that of triplet excitons (2.27 eV, calculated from our previous report38). This result
indicates that the system energy to produce singlet excitons is insufficient, while the energy
to generate triplet excitons is marginal. For the co-reactant ECL with TPrA,
thermodynamically, the enthalpy of the co-reactant reaction to generate the excitons was
determined to be 2.94 eV from the difference between the Mes3DiKTa oxidation potential
(1.40 V) and the reduction potential of TPrA radical that is -1.70 V17 using Eq.6.3. The
reaction enthalpy is sufficiently large to populate both singlet (2.49 eV) and triplet (2.27
eV) excitons directly, and singlet states can be produced via RISC and/or TTA from triplet
states thereafter.
Compared to our recent report on a series of 2CzPN\TADF derivatives33 showing OLECL
in annihilation pathway, Mes3DiKTa displayed the delayed ECL onset and long ECL
decay not only in annihilation but also in co-reactant ECL routes with TPrA. Furthermore,
the ECL efficiencies of Mes3DiKTa are significantly higher than the reported D-A TADF
compounds although the existence of Mes3DiKTa aggregates have also been demonstrated
in the ECL processes. The ECL data of such D-A TADF series and MR-TADF molecule
Mes3DiKTa was summarized in Table 6.2.
Figure 6.19 shows a representative example of the spooling ECL spectra of 0.2 mM
Mes3DiKTa in the presence of 20 mM TPrA with a potential scanning cycle from 0 V to
1.80 V and then back to 0 V. The spectra provide further insight into the ECL mechanism.
The ECL spectra are color-coded in grey, red and blue. When the potential is scanned to
1.42 V, which is close to the first oxidation peak of Mes3DiKTa (Figure 6.3), Mes3DiKTa
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is oxidized to its radical cation. At the same time, the strongly reducing species TPrA∙ is
generated through TPrA oxidation (Eox = 0.83 V) and subsequent deprotonation. This latter
species reduces the radical cations of Mes3DiKTa to form Mes3DiKTa* (as well its
aggregates) that are responsible for the ECL (Figure 6.20). The ECL intensity increased
from 0 at 1.42 V (red curves), which corresponds to the onset ECL potential in Figure 6.12,
and reaches a maximum value at 1.8 V. With the reverse scan, the spectra decrease
progressively to 0 at 1.42 V (blue curves). Within each of the spectra, the ECL retain the
same shape and peak wavelength (Figure 6.19, inset), indicating the same excitons are
present throughout the whole process.
Table 6.2. ECL data of Mes3DiKTa and 2CzPN derivatives recently reported.33
Mes3DiKTa

PPOCzPN

PPSCzPN

DiPPOCzPN

0.19

0.21

0.22

0.27

Annihilation

5

7

14

11

with TPrA

5
0

6

6

∆EST (eV)
ECL onset
delay (ms)

ECL emission Annihilation
decay (ms)
with TPrA
Relative ECL
efficiency

10
1

Annihilation

136%

1%

1%

10%

with TPrA

79%

7.3%

1%

3%

Figure 6.19. Spooling ECL spectra 0.2 mM Mes3DiKTa in the presence of 20 mM TPrA,
with a scan rate of 0.02 V/s and exposure time of 2 s.
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Figure 6.20. ECL mechanism of Mes3DiKTa through co-reactant route with TPrA.

Figure 6.21. (A) Time-resolved ECL curves with ECL-time observatory experiments of
0.2 mM Mes3DiKTa and (B) Spooling ECL spectra obtained spontaneously. The red and
blue parts in Figure 6.21B corresponds to the red and blue parts in Figure 6.21A,
respectively.
Our time-resolved ECL experiments and ECL spectroscopy were then combined to
investigate the putative OLECL behavior. Figure 6.21A displays two cycles of 10 ms
potential steps. Since there is a 5 ms delay for ECL generation, the spectrograph and CCD
camera were set purposely to take an ECL spectrum every 15 ms (Figure 6.21A). In the
first cycle, the weak ECL part (red-coded) in Figure 6.21A generates a low-intensity
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spectrum (red) in Figure 6.21B while a more intense ECL signal (blue-coded) in Figure
6.21A produces a more intense spectrum in Figure 6.21B. Both the weak and the intense
ECL possess the same peak maxima (c.f. the inset in Figure 6.21B), indicating the same
excitons are generated over the entire process. These observations are reproducible over
20 cycles. These results reveal for the first time the ECL of an MR-TADF compound and
demonstrate a second instance of OLECL behavior.

6.4 Conclusions
Here, we report for the first time the ECL properties of an MR-TADF compound. We
observed enhanced ECL for Mes3DiKTa by means of ECL-voltage curves, ECL-time
curves in newly designed observatory and ECL spectroscopy. We attribute the unusual
ECL behavior to an OLECL mechanism that we contend is possible in TADF systems with
moderate ΔEST; TTA/TADF cannot be ruled out as contributing to the ECL signal given
the concentration of emitter used in the ECL experiments. As a result, relative ECL
efficiency of Mes3DiKTa was determined to be 118% and 79% to [Ru(bpy)3](PF6)2 under
annihilation and co-reactant conditions, respectively, and absolute ECL efficiencies were
calculated to be 0.0013% in annihilation and 1.1% with co-reactant, which are some of the
highest reported among all the organic ECL materials. Our investigation using the newly
designed time-resolved ECL experiments has demonstrated a delay time for the onset of
the ECL of 5 ms in both annihilation ECL and co-reactant ECL routes, which we contend
arises from the contribution of OLECL. ECL spectroscopy provides evidence of a
combination of monomer and aggregates (analogous to excimer in annihilation route, and
to exciplex in co-reactant pathway, respectively) emissions. The OLECL leads to an ECL
enhancement with higher quantum efficiency. The delayed ECL onset and long ECL
emission decay process could be potentially exploited in ECL sensing/imaging.
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Chapter 7

7

Conclusions and Future Work

7.1 Conclusions
As introduced in this thesis, ECL has been widely utilized in a wide range of applications
including bioanalysis and light-emitting devices. However, the benchmark ECL materials,
[Ru(bpy)3]2+ and DPA still sustain the shortcomings of high costs and low ECL
efficiencies. ECL enhancement of novel materials are still under investigation and
development. The research demonstrated in this thesis has been focused on analyses of the
enhanced ECL mechanisms of various ECL materials, from inorganic metal complexes, to
organic molecules and nanoparticles.
In chapter 2, I synthesized GQD-1 and GQD-2 with different heteroatom doping. GQD-1
and GQD-2, with various surface states but similar core structures, showed the same
maximum PL wavelengths and different PL intensities. Moreover, GQD-2 demonstrates
both a better redox behavior and a much stronger ECL than GQD-1 due to the more
electrochemically active surface states and more surface energy traps at the surface of
GQD-2. They also displayed different ECL wavelengths which were assigned to different
surface states, both of which are distinguished from their PL wavelengths because the ECL
emissions came from the surface excited states while the PL were mainly produced from
the core. This is the first time for us to observe NIR ECL from GQD dispersions, which is
superior to that from GQD film/solution interfaces. Wide applications in biodetections are
anticipated from the NIR-ECL of low cost and easily prepared GQD-2 in aqueous media
with an intensity much higher than that of the semiconductor quantum dots.
In chapter 3, ECL of an atomic precision graphene model compound, N-annulated perylene
diimide compound (tPDI2N-hex), were investigated. The GQD analogue tPDI2N-hex with
“atomic precision” controls well its luminescent characteristics. With TPrA as a coreactant, the relative ECL efficiency was as high as 64%, which is one of the best among
all the studied systems of organic ECL luminophores. The dimer structure prohibited
further dimerization thus improved the ECL efficiency while the simple electronic structure
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leads to a pure luminescence without surface-states emission. Meanwhile, the organic lightemitting diode (OLED) fabricated with tPDI2N-hex shows significantly improved
luminance and very similar spectral profile to the one in ECL. The good OLED
performances suggest that although with a large aromatic area, there is the alleviated ACQ
effect of tPDI2N-hex probably because the twisted structure prevents strong π-π stacking.
These provide us further insight into preparation of GQDs with desired optical features by
tackling current challenges such as surface states.
Chapter 4 discussed enhanced ECL by hydrogen bonding strategies. In section 4.1, ECL
performance of two iridium complexes, as the precursors to form hydrogen bonding
complexes in section 4.2, were analyzed by the determination of their absolute ECL
efficiencies. Radical stability and radical reactivity were investigated to be the key factors
influencing their ECL performance. In section 4.2, insights into the ECL mechanism of an
H-bonding complex 1•3 were demonstrated in detail. PL and ECL spectroscopies revealed
the formation of exciplex [PhCO2∙•1] and excimer [3•3]. DMF destroyed the H-bonding
interactions and significantly weaken this reduction event. In section 4.3, an anion H2PO4was introduced to a bisindolylpyrrole derivative to form the hydrogen bonding to achieve
its PL and ECL enhancement. The hydrogen bonding between anion H2PO4- and target
molecule BIPPD may rigidify the configuration and restrict the intramolecular rotation of
peripheral groups to reduce the loss of nonradiative energy, thus greatly improving the PL
and ECL performance.
Chapter 5 discussed enhanced ECL of silole compounds via the mechanism of restriction
of intramolecular rotation, as introduced in section 4.3. In section 5.1, ECL efficiencies of
eight thiophene-containing silole chromophores were determined, among which 2c showed
the highest ECL efficiencies because it possesses unique structure of an extensive
conjugated system and especially the bulky tert-butyl groups restrict the intramolecular
rotation (RIR) of the thiophene rings, which promotes the radiative transitions of excited
states to enhance ECL. In section 5.2, PL and ECL enhancement of two benzosiloles have
been induced by crystallization. Compared to their solution and amorphous solid states,
their crystalline solid states rigidified the configuration and restrict the intramolecular
rotation of thiophene rings to enhance the ECL. This work for the first time established a
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heterogeneous ECL performing system for highly hydrophobic organic compounds, and
showcased the CIEE strategy to greatly enhance ECL intensity.
In chapter 6, enhanced ECL of an MR-TADF compound Mes3DiKTa was observed and
analyzed, which was attributed to an OLECL mechanism that is possible in TADF systems
with moderate ΔEST. Relative ECL efficiency of Mes3DiKTa was determined to be 118%
and 79% to under annihilation and co-reactant conditions, respectively, which are some of
the highest reported compared to many other organic ECL materials. Furthermore, these
efficiencies are also the highest among all the ECL materials discussed in this thesis (Table
7.1). My investigation using the newly designed time-resolved ECL experiments has
demonstrated a delay time for the onset of the ECL of 5 ms in both annihilation ECL and
co-reactant ECL routes, which arises from the contribution of OLECL. ECL spectroscopy
provides evidence of a combination of monomer and aggregates (analogous to excimer in
annihilation route, and to exciplex in co-reactant pathway, respectively) emissions. The
OLECL leads to an ECL enhancement with higher quantum efficiency.
Table 7.1. ECL Efficiencies of all the ECL materials discussed in this thesis.

Chapter No.

ECL Material

ECL Efficiencies during Potentiodynamic
Scans (Relative to Ru(bpy)32+)
Annihilation

Chapter 2
Chapter 3

Chapter 4

Chapter 5

GQD-1

0.31% (with K2S2O8)

GQD-2

13% (with K2S2O8)

tPDI2N-hex

64% (with TPrA)

Ir-1

3.8%

1.7% (with BPO)

[Ir-2]+

9.7%

13% (with BPO)

BIPPD

0.20%

BIPPDAC

1.1%

4T1 solution

2.1%

4T1 crystal
4T2 solution

Mes3DiKTa

0.08% (with BPO)
2.5% (with BPO)

2.3%

4T2 crystal
Chapter 6

Coreactant

0.4% (with BPO)
6.5% (with BPO)

118%

79% (with TPrA)
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7.2 Future Work
The ECL research field has been developed rapidly, which proves to be a powerful and
essential analytical strategy and technique. To further expand and develop the exciting ECL
research, future work must consider the above ECL enhancement strategies to fabricate
novel ECL materials with lower cost and lower toxicity such as GQDs, thus significantly
promoting their ECL efficiencies and finding applications including bioanalysis and lightemitting devices.
I will further investigate the luminescent mechanisms of GQDs and find better surface
states modification to improve its ECL performance. The doping effect of ECL
performance can be further studied from nano-perspective to atomic precision. For
example, ECL behavior with single atom deposition to GQDs is an interesting topic. I plan
to construct a host-guest structure by doping GQDs into another luminophore to overcome
its ACQ effect. Eventually, I would like to make light-emitting devices such as LECs and
OLEDs based on the GQDs with high luminescent efficiency.
I propose to design and synthesize GQDs with AIE and/or CIE properties. For instance,
precursors with AIE effect such as 1,1,2,2-tetraphenylethylene (TPE) might introduce
templates for GQDs, which could restrict rotation in solutions to minimize the excited state
loss and ultimately enhance ECL. Templated GQDs are expected to demonstrate AIE. I
will then apply this AIE-ECL in chemo and biosensing.
I would also like to design and study novel ECL materials with small ΔEst and achieve the
TADF and OLECL behaviours as I demonstrated in Chapter 6. The TADF effect would
significantly promote the ECL efficiencies and find applications in ECL sensing and
imaging. I intend to explore further excimer and exciplex emissions and better understand
the OLECL behavior. Applications of OLECL and OLPL are anticipated in efficient LECs
and OLEDs.
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